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Abstract
Inthisthesis,wereporttheﬁrstrealisationoftheHong–Ou–Mandelexperimentwithmassive
particlesinmomentumspace.Thismilestoneexperimentwasoriginalyperformedinquantum
optics:twophotonsarrivingsimultaneouslyattheinputportsofa50:50beam-spliteralways
emergetogetherinoneoftheoutputports.Theeﬀectleadstoareductionofcoincidencecounts
whichtranslatesintoadipwhenparticlesareindistinguishable.
Weperformedtheexperimentwithmetastableheliumatomswherethespeciﬁcitiesofthe
Micro-Channel-Platedetectoralowsonetorecoverthemomentumvectorofeachindividual
atom.Afterlistingthenecessarytoolstoperformthisexperimentwithatoms,theexperimental
sequenceisdiscussedandtheresultsarepresented.Inparticularwemeasuredacoincidence
countreductionthatcannotbeexplainedthroughanysimpleclassicalmodel.Thiscorresponds
tothesignatureofatwo-particleinterference,andconﬁrmsthatouratomicpairsource
producesbeamswhichhavehighlycorrelatedpopulationsandarewel modematched.This
openstheprospectoftestingBel’sinequalitiesinvolvingmechanicalobservablesofmassive
particles,suchasmomentum,usingmethodsinspiredbyquantumoptics.Italsodemonstrates
anewwaytoproduceandbenchmarktwin-atompairsthatmaybeofinterestforquantum
informationprocessing.
Keywords: Quantumatomoptics —Bose–Einsteincondensate —Four-wave mixing —
Atomicpairs—Opticallatices—Correlations—Single-Atomdetector—Metastablehelium
Résumé
Cetethèsedécritl’observationexpérimentaledel’eﬀetHong-Ou-Mandelavecunesource
atomiqueultra-froide.L’expérienceoriginaleréaliséeen1987parC.K.Hong,Z.Y.OuetL.
Mandelilustredefaçonsimpleuneinterférenceàdeuxparticulesexplicableuniquementpar
lamécaniquequantique:deuxparticulesbosoniquesetindiscernables,arrivantchacunesur
unefaced’entréediﬀérented’unelamesemi-réﬂéchissanteressortentensemble. Ceteﬀetse
traduitparuneréductiondutauxdedétectionencoïncidenceentrelesdeuxvoiesdesortie
quandlesparticulesarriventsimultanémentsurlalame.Ceteexpériencefutoriginalement
réaliséeavecdesphotonsetnousrapportonsicilapremièremiseenoeuvreexpérimentaleavec
desparticulesmassivessepropageantdansl’espacelibre.
Aprèsprésentationdesdiﬀérentestechniquesnécessairesàsaréalisation,nousdécrivons
ceteexpérienceetanalysonslesrésultatsobtenus. Enparticulier,laréductiondutauxde
coïncidenceestsuﬃsammentfortepourexcluretouteinterprétationclassique;l’observation
deceteﬀetconstitueunebriquefondamentaledansledomainedel’informationquantique
atomique.
Mots-clé: Optiquequantiqueatomique —CondensatdeBose–Einstein — Mélangeà
quatreondes —Pairesatomiques —Réseauoptique —Corrélations —Détecteuràatome
unique—Héliummétastable
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Introduction
Quantummechanicsoftensoundsabstractorinaccessiblewhentheoreticalydiscussed.Con-
ceptssuchasentanglementandnon-localityhaveforverylongseemedoutofreach.However,
continuoustechnicaladvancesopenthewaytoprobethistheoryinitsmoredeepdetailsand
toconstantlyputitsvaliditytothetest.Therealisationofbenchmarkexperimentsalowedto
trulyunderstandthetheorybehinditandtorealisehowvastandrichisitsﬁeldofapplications.
Entanglementisprobablyoneofthemostintriguingfeatureofquantummechanics,de-
scribedbyAlbertEinsteinasa"spookyactionatadistance".Thephysicalobjectisaﬀected
withoutbeingphysicalytouched,contrarilytothecontactdescriptionofinteractionssup-
portedbyearlyclassicalmechanicaltheories. Entanglement,initsmostbasicformulation,
correspondstotwoparticlesgeneratedorinteractingasapairinsuchwaythatthequantum
statedescriptionofeachparticlecannotbedoneindividualy,instead,itdescribesthepair.This
means,forinstance,thatifthetwoparticlesaretravelingawayfromeachother,anymeasure-
mentperformedononeofthetwowilimmediatelyaﬀecttheotherone.ThisledEinstein,
PodolskyandRosentoquestionthecompletenessofquantummechanicsintheirfamous1935’s
paper[1]againsttheCopenhageninterpretation[2].Sincenoinformationcantravelfasterthen
thespeedoflight,thanhowcanaparticleimmediatelyfeeltheeﬀectoftheother?Arethere
hiddenvariablessharedbybothparticleswhichguaranteethatthetwo"combine"theiranswerat
thebeginningoftheexperiment?Thesequestionsraisedaspiriteddiscussioninthescientiﬁc
communitywithBohr[3]andSchrödinger[4,5]defendingthecompletenessofquantumtheory
contrarytothepredictionsofEinstein.Thesequestions,whichstayedforalongtimeinthe
epistemologicaldomain,wereconvertedtoanalgebraicformbyBelintheearly60’s,leading
tothefamousBel’sinequalitiestests[6].Thereforeallocaltheoriesofnaturalphenomena
formulatedwithintheframeworkoflocal-realismmaybetestedusingasingleexperimental
arrangementwhoseresultdiﬀersfromthepredictionofacompletequantumtheorydescription
[7,8],wherethetwoparticlesareinseparableandtheirdescriptionisnon-local.Sinceboth
descriptionsdonotleadtothesameresults,anexperimentalviolationofoneofthetests,cor-
respondinginmostcasestoanalgebraicinequality,provesthatlocal-realismcannotdescribe
theresultandthatquantummechanicsiscomplete.
Withtheadventoftheﬁrstlaserinthe60’sandthedevelopmentofsinglephotonpairs,
opticsentereddeeplyintherealmofquantummechanics.Itbegantobepossible,viaapumped
radiativeatomiccascade[9–11]orspontaneousparametricdown-conversioninanon-linear
crystals[12,13],toproducecorrelatedsinglepairsofphotons.Theﬁrstexperimentalprotocols
fortestsofnon-localitywereformulatedinthe70’susingpolarisationdetection[9,14,15]and
theﬁrstexperimentsperformedjustafewyearslater[8,10,16,17]provingthatquantum
mechanicsisintrinsicalynon-local.Sincethen,testsofBel’sinequalitiesaregetingcloserto
theoriginalparadoxwithtestsonmomentumandphasemeasurements[18],withincreasing
space-likeseparationofthetwoobservers[19]andhigherdetectioneﬃciency[20,21].
Thisaction"atdistance"isattheheartofseveralrecentdevelopmentsinthetopicofquantum
cryptography[22,23],quantuminformation[24–26]orevenquantumteleportation[27,28].
Introduction
Theﬂexibilityoftheexperimentalrealisationsandtheincreasingdistancesbetweentheparticles
[29–32]makeusbelievethatthistopicofresearchwilrevolutioniseourfuture.
Almost40yearsaftertheﬁrstlaser,anothertechnologicaljumpledtotheobservationof
theﬁrstBose–Einsteincondensate(BEC)[33].Thismacroscopicstateofmaterdescribedbya
singlewave-functionopenedthedoortoanincrediblevastﬁeldofresearchandapplications.
Oneofthemostinterestingfeatureofcoldatomsexperimentsistheabilitytosimulatemany
diﬀerentHamiltonian.Alowingus,fromverygeneralassumptions,tofolowtheevolutionof
asystemwiththeadvantageofcontrolingitsdiﬀerentparameters.Thisalowsonetosimulate
thebehaviourofsolidstatephysics,getingdeeperintheunderstandingofsuperconductivity
[34–36],torealiseanaloguesofcosmologicalobjects[37–39],tostudythelowenergystructureof
matersuchastheHiggsamplitudemode[40,41],toperforminertialprecisionmeasurements
[42,43]ortogenerateentangledstatesinanalogytowhatisdoneinquantumoptics[44–46],
thelastbeingthemaininterestofourwork.
SincetheBose–Einsteincondensateisamacroscopiccoherentsourceofmater-waves,asa
laserisinquantumopticsforphotons,itdidnottakelonguntiltheﬁrstatomicpairsexperiments
wereperformed.Fromtheverystrongnon-linearityofthecondensate,duetotheatom-atom
interactions,ithasbeenpossibletocreateatomicpairsviacondensatecolisions[47,48]or
throughdissociationofweaklyboundmoleculesnearamagnetic-ﬁeldFeshbachresonance
[49].Thedomainofbothatomicspinandatomicpairsinmomentumspacehave,inthelast
years,showedpromisingresultswiththemeasurementofsqueezinginmomentumspaceand
spindomain[50–52]andentanglement[53].
OneofthemilestoneexperimentsinquantumopticsistheoneperformedbyHong,Ouand
Mandel[54]in1987.Itcorrespondstoasimpleconceptualexperimentattheoriginofverypure
entangledstateproduction.Theexperimentconsistsoftwophotonsenteringa50:50beam-
spliter,oneineachinputport. Whenbothphotonsareidentical,theirprobabilitiesofexiting
indiﬀerentoutputportscanceledoutduetodestructiveinterferenceeﬀect.Consequently,one
wilalwaysdetectbothphotonsemergingtogetherinoneofthetwooutputports.Theresulting
outputstateisamaximalyentangledstatewhichiswidelyusedinquantumoptics[55,56].On
theotherhand,ifphotonsbecomedistinguishablethedestructiveinterferenceeﬀectvanishes
andtheoutputstateisnolongerentangled. Withthisexperiment,onecanmeasureaccurately
thecorrelationstrengthofthepair,thesourcebandwidth,pathlengthsandarrivaltimeofthe
twophotonsonthebeam-spliter.Itisalsowidelyusedforlogicaloperationsleading,for
instancetotherealisationofaC-NOTgate[57,58].Outsidequantumoptics,thisexperiment
hasbeenrecentlyrealisedinthemicrowavefrequencydomain[56],withlevitons[59],electrons
[60]andsurfaceplasmons[61,62].Similareﬀectshavealsobeenobservedwithindependently
preparedsingleatomsourcesinindividualopticaltweezers[63].
Inthismanuscript,wediscusstherealisationofaHong–Ou–Mandelexperimentwithatomic
pairsinmomentumspace,incloseanalogytotheoriginalquantumopticsexperiment[54].
Atomswithdiﬀerentmomentaarerecombinedona50:50atomicbeam-spliterperformedby
Braggdiﬀraction[43].Viathecorrelationreductionattheoutputports,weidentifythequantum
destructiveinterferenceeﬀectbetweenidenticalpaths.
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Manuscriptorganisation
Themanuscriptisorganisedasfolows:
•Chapter1
AbriefintroductiontotheHong–Ou–Mandeleﬀect,itsdescriptionandalinktothe
Cauchy–Schwarzinequalitywilbegiven.Thiswilalowustounderstandthefunda-
mentalinterestlyingbehindthisexperimentandhowcanoneuseittodescribethepair
source. Fromthisdiscussion,themostessentialtoolsinordertoadaptthephotonic
experimenttomater-wavessourceswilbelisted;
•Chapter2
Anoverviewoftheapparatus,beforethisworkstarted,isgiven,pointingoutthedeﬁ-
cienciesthatwerepresent.Thesolutionsadoptedinordertosuppressthoseweakpoints
andhowthisplayedanimportantroleintheexperimentalrealisationoftheatomicHong-
Ou-Mandeleﬀectwilbediscussed.Amongtheimprovementsmade,wewilgivespecial
atentiontothenewcrosseddipoletrapdesignedfortheexperiment;
•Chapter3
Wedivideourdiscussionontheroleofthediﬀerentlaticesatplayinourexperiment
intwochapters.Inthischapter,westartbyintroducingthemostbasicconceptsofthe
eﬀectofaperiodicpotentialontheatoms.Sincethepairsareproducedviadynamical
instabilitiesofaBECplacedinamovinglatice,wewilthendiscussthetheorybehindit
andtheexperimentalrealisationofatomicpairsinmomentumspace;
•Chapter4
Thebasictoolstomanipulatetheatomswilbepresentedinthischapter. Wewilfocusour
discussioninhowtoperformanatomic50:50beam-spliterandmirror.Anotherlatice
wilbepresentedanddiscussedindetail,thebeam-spliterlatice.Inthischapter,we
wilgiveparticularatentiontothetheoryofBraggdiﬀractionattheheartoftheatomic
mirrorandbeam-spliter;
•Chapter5
Finaly,the mainresultofthis manuscriptwilbepresented,namelytheHong–Ou–
Mandelexperimentwithmaterwaves. Wewilshowthatitispossiblewiththeatomic
sourcetorealiseatwo-particleinterferenceandthatnosimpleclassicaltheorycanexplain
ourresult.Theanalysiswilgivedeepinsightsontheatomicsourcepropertiesandhow
itcanbeusedfornon-classicalinterferometricstudies,openingthewaytomorecomplex
testsofquantumnon-localityviatestsofBel’sinequalities;
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•AppendixA
Thisappendixcorrespondstothederivationofthespeedofsoundinacondensatefolow-
ingthemethoddescribedinRef.[64].Thisisusefulforsystemslyingintheintermediate
quasi-condensateregime.
•AppendixB
Amoredetailedcalibrationofthecrossed-dipoletrapisgivenwithemphasisonthe
experimentaldeterminationofthetrappingbeamswaists;
•AppendixC
Abriefdescriptionofstimulatedtwo-photonRamanscateringisgiven.Themostimpor-
tantnumbers,speciﬁcaly,thedetuningused,theanglebetweenthetwobeamsandthe
transfereﬃciencyarespeciﬁed;
•AppendixD
ThisappendixisacomplementtoChapter5. Wewildescribethestepstowardsthe
expressionsusedfortheHOM-dipvisibilityandwidth.Aspecialatentionisalsogiven
tothemirroror50:50beam-spliterimperfectionswherewewilshowthattheseimper-
fectionsdonothaveastrongimpactontheHOM-dipvisibility;
•AppendixE
Intheconclusionofthismanuscript,abriefintroductiontoapossibleschemetoperform
thetestofBel’sinequalitiesinmomentumspacewilbediscussed.Thederivationofthe
mainresultsshowninthePerspectivesareheresummarised.
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Manuscriptorganisation
Asasidenote,althoughinthismanuscriptonlytheworkperformedtotherealisationoftheHong–
Ou–Mandelisdiscussed,IwouldliketopointoutthatIalsoparticipatedinotherprojectsduringmyPhD
whoserelatedpublicationsareaddedattheendofthismanuscript.Inparticular,Istronglyparticipated
intwoprojects:
TheacousticanalogtothedynamicalCasimireﬀectinaBose-Einsteincondensate[39].In
thisproject,wemodulatedthecondensatedensityviathemodulationoftheopticaltrapstiﬀness,inwhich
thecondensateisobtained.Thismodulationisperformedwithvelocitiesaboveandbelowthespeedof
soundofthecondensate.Thisisequivalenttomodulatingtheindexofrefractionofanopticalcavity
closetothespeedoflight,leadingtothepairwisecreationofphotons[65,66].Thisphenomenonhas
recentlybeenobservedinRef.[67]wherepairsofphotonsinthemicro-wavedomainwereproducedand
two-modesqueezingobservedintheemitedradiation.
Inourexperiment,weobservedtheproductionoftwoatomiccloudswithoppositemomentaand
proved,throughthemeasurementofthecorrelationbetweenthetwoclouds,thattheprocessispairwise.
Wealsostudiedtheresponseofthesystemtothemodulationfrequency. ViaBraggspectroscopy,we
wereabletoshowthattheenergygiventothesystemwassplitbetweenthetwocloudsformingthe
pairinanalogytoparametricdown-conversionforquantumoptics.Therefore,wewereabletoprove
pairwisecreationofparticleswithmomentarangingfromthephononicbranchtotheparticlebranchof
theBogoliubovdispersionrelation.
Thestudyof2ndordercoherenceofSuperradiancefromaBose–Einsteincondensate[68].In
ananisotropicsource,acolectiveemissionbuildsupmoreeﬃcientlyinthedirectionsofhighestoptical
thickness.Forthatreason,inanelongatedBEC,weexciteatomssuchthatanalowedemissiondipole
canradiatealongtheelongatedBECaxis.Superradianceis,therefore,expectedtooccuralongthisaxis,
inthesocaled“endﬁre”modes[69,70].Justafterbeenreleasedfromthecrosseddipoletrap,theatoms
areexcitedthroughtheapplicationofaveryintenseandclosetoresonance(600MHzdetuned)laser
beam.Theatomsinitialyinthemj=1stateareequalyscateredintomj=±1andmj=0.
Wefocusedourstudyintheatomsscateredtothetwoendﬁremodeofthemj=0statecorresponding
toRamansuperradiance[71]. Weobservedthatthesecondorderauto-correlationfunctionreachesa
valuecloseto2.Thisshowsclearlythat,despitestrongampliﬁedemissionintheendﬁremodes,theatoms
undergoingasuperradiantprocesshavestatisticscomparabletothatofathermalsample.Theselarge
ﬂuctuationscanbesimplyunderstoodbymodelingthesuperradiantemissionasafour-wavemixing
process;theyarisefromthefactthattheemissionistriggeredbyspontaneousemission.Inorderto
conﬁrmthisexplanation,weperformedacoherenttransferofpopulationfromthestatemj=1tomj=0
viastimulatedRamanscatering.Inthiscase,vacuumﬂuctuationsdonotinitiatethescateringprocess
andtheresultingmodeoccupationisnotthermalbutcoherentwhichtranslatesintothemeasurementof
avery-nearlyﬂatsecondordernormalisedauto-correlationfunctionequalto1.
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Alphotonsareequalbutsomephotons
aremoreequalthanothers
TitleofRef.[72]probablyinspiredby
GeorgeOrwel’sbook"AnimalFarm".
TheexperimentofC.K.Hong,Z.Y.Ou,andL.Mandelperformedin1987[54]andwidely
knownastheHong–Ou–Mandel(HOM)experimentisoneofthemostimportantdemonstration
ofquantum mechanics.Inthisexperiment,twophotonsproducedviaparametricdown-
conversionarerecombinedonabeam-spliter.Twophotodiodesplacedattheoutputportsof
thebeam-spliterregistertheoutputsignal.Asynchronisationisthenperformedtocompare
thesignalofbothdetectorsandrecoverthecoincidencecounts,meaningtheprobabilityfor
detectingaphotoninoneofthetwodetectorsattimeintervalt+dtknowingthattheother
photonhadbeendetectedattimetontheotherdetector.
AccordingtoNewtonianparticletheory,forthecaseofnon-interactingparticles,onewould
expecttodetectacoincidencecountforhalfoftherealisationssincethefourcasesilustrated
inFig.1.1areequalyprobable.However,forclassicalindistinguishablewavesaninterference
paternappears.Inthecaseconsideredhere,therelativephaseiskeptundetermined,suchthat
afteraveragingoverNrealisations,theinterferencewashesout.Bylookingatthecoincidence
count,onewouldﬁndthatforindistinguishablewavesthecoincidencecountisreducedbya
factortwocomparedtothecaseofdistinguishablewaves.Byindistinguishableclassicalwaves
onemeansthattheyhavethesamepolarisation,spatialmode,etc..Forsingleindistinguishable
photons,however,thesameresultdoesnotapply.The1987’sexperimentshowedthatinthis
casethecoincidencecountgoestozeroalthoughtherelativephaseofthetwophotonsis
BasicconceptsoftheHong–Ou–Mandelexperiment
Figure1.1:Classicalscenariosfortwoincomingparticles.Schematicrepresentationofalfourcasescorrespondingto
thediﬀerentpossiblesarrangementsoftwoparticlesarrivingona50:50beam-spliter.Thebluearrowsrepresentthearriving
particles.Case:a)bothparticlesarereﬂected;b)bothtransmited;c)andd)onereﬂectedandtheotheronetransmited.
Figure1.2:Beam-splitterinputandoutputportsconvention.The50:50beam-spliterisschematicalyrepresented.Two
photonsarriveatthebeam-spliterthroughportsaandbrepresentedbyincidentbluearrows.Theoutputportsaredesigned
bycandd.
completelyrandom.Thismeansthatonewilneverdetectatthesametimeonephotonper
outputportandthatthetwophotonsalwaysemergetogether.Thistwo-photondestructive
interferenceeﬀectisknownastheHOMeﬀect[54].
Thischapterisorganisedasfolow.InSection1.1,thebasicunderstandingoftheHOMeﬀect
wilbesummarised.Onewilalsodiscussedthequantumnessoftheeﬀectandthenecessary
conditionsthattheinputstatemustfulﬁl.InSection1.2,theconnectionbetweentheHOM-dip
visibilityandtheviolationoftheCauchy-Schwarzinequalitywilbepresentedandexploredin
ordertogeneralisetheinterpretationofthiseﬀecttoanarbitrarystate.Finaly,inSection1.3,the
analogywithatomicpairswilbediscussed,introducingthemajordiﬃcultiesandchalenges
associatedwiththisexperimentandtherequiredtoolstoperformit.
1.1 HOMeﬀect:basicexplanation
TheHOMexperimentcanhardlybeseenasaninterferometersinceitdoesnotcorrespondto
asituationwhereawaveissplitandrecombinedona50:50beam-spliter,buttoasituation
wheretwoparticles,herephotons,arriveontheinputportsofa50:50beam-spliter. The
easiestexperimentalwaytohavetwophotonsarrivingsimultaneouslyonabeam-spliteris
tocreatethemsimultaneouslyandatequaldistancefromthebeam-spliter.Thisiscommonly
performedinquantumopticsviagenerationofphotonpairswhenanintenselaserbeam,caled
pumpbeam,passesthroughanon-linearmedium[13]. Anothermethodconsistsinusing
spontaneousemissionofphotonsfromtrappedatomssuchthataﬁniteprobabilityofhaving
twoatomsemitingatthesametimeexists[73].
TheHOMeﬀectappearsviaareductionofthecoincidencecount. Whichtranslatesinthe
reductionofthecorrelatorcˆ†dˆ†ˆcˆd,where accountsforthequantumaverage.Theoperators
aˆ,ˆbcorrespondtotheincomingﬁeldoperatorsofthebeam-spliterandcˆ,dˆtotheoutgoing
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ﬁeldoperators(seeFig.1.2).Thesimplestwaytocalculatesuchacorrelatoristotransform
theoperatorsandthestatevectorbackintheinputspacebeforethebeam-spliterandtouse
theHeisenbergpicture.Thetransformationmatrixbetweentheoperatorsˆc,ˆdandaˆ,ˆbcanbe
workedoutfromﬁrstprinciples,

cˆ
dˆ
=Sˆ

aˆ
bˆ
.
ThescateringmatrixSˆrepresentsthe50:50beam-spliteroperatorandcanbewritenas
Sˆ= 1√2

1 ie−iφS
ieiφS 1
,
withφSaphaseassociatedtothebeam-spliter.1Itisthenpossibletorewritetheoperators
suchthat
cˆ= 1√2 aˆ+ie
−iφSˆb,
dˆ= 1√2 bˆ+ie
iφSaˆ.
Consideringﬁrsttheidealcaseofaninputstatewithexactlyonephotonineachchannel,
|1a,1b,oneobtains
|1a,1b =aˆ†ˆb†|0,0→ 12cˆ
†dˆ†|0,0+idˆ†dˆ†eiφS+cˆ†ˆc†e−iφS |0,0−dˆ†ˆc†|0,0 . (1.1)
Oneimmediatelyseesthatdˆ†ˆc†|0,0andcˆ†dˆ†|0,0areidenticalbutassociatedwithopposite
phases,suchthatthesumoftheiramplitudesvanishes. Thiscorrespondstoadestructive
interferenceeﬀect,leadingtoasuppressionofcoincidencecountsbetweentheoutputports
ofthe50:50beam-spliter.ThissuppressionisthemarkingfeatureoftheHOMexperiment.
Pleasenotethatthisresultisonlytrueforidenticalphotons.
Letusconsiderthecaseoftwophotonsarrivingtoabeam-spliterbutwithperpendicular
polarizations,forexamplephotonawithhorizontalpolarization,aH,andbwithverticalpolar-
ization,bV,wherethesubscriptindexstandsforthepolarization.Consequently,afterthe50:50
beam-spliteroneretrieves
|1a,H,1b,V =aˆ†Hbˆ†V|0,0→
1
2cˆ
†
Hdˆ†V|0,0+idˆ†Hdˆ†VeiφS+cˆ†Hcˆ†Ve−iφS |0,0−dˆ†Hcˆ†V|0,0 . (1.2)
andsincetheoutputstatesdˆ†Hcˆ†V|0,0andˆc†Hdˆ†V|0,0arediﬀerenttheiramplitudedoesnotsum,andnodestructiveinterferenceeﬀectisobserved.Thismeansthatfordistinguishablephotons,
onewilnotmeasureareductionofthecross-correlationorcoincidencecount.
Theoutputstate,forthecaseofindistinguishableparticles,canbewritenviaEq.(1.1)as
|ψout= 1√2 ie
−iφS|2c,0d+ieiφS|0c,2d , (1.3)
1Thisnotationcanseemratherunsualforphotons,butaswewilseelaterinChapter4andinAppendixDitis
welsuitedfordescribingtheeﬀectoftheatomicbeam-spliter.Theatomicbeam-splitercorrespondsthentoaπ/2
RabioscilationwithφScorrespondingtotherelativephasebetweenthelaserbeamsformingtheopticallatice.
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Figure1.3:1987Hong–Ou–Mandeldip.Measurement
ofthecoincidencecountreductionasfunctionofthebeam-
spliterdisplacement. Theminimumvaluecorrespondsto
thecaseofperfectindistinguishableparticles.Thesolidline
correspondstothetheoreticalpredictedcurvewhilethedashed
linecorrespondstoanatenuationof0.9oftheﬁrstcurve.
FigurecopiedfromRef.[54].
Figure1.4: Schematicrepresentationofthe1987’s
Hong–Ou–Mandelexperiment.Twophotonsproducedvia
parametricdown-conversionarepluggedintoa50:50beam-
spliter,afterpassingthroughafrequencyandspatialﬁlter.
Twophotodiodesregisterthenumberofdetectedphotonson
bothoutputports. Acoincidencecountisthenperformed
afterwards.FigurecopiedfromRef.[54].
whichisamaximalyentangledtwo-photonstate[24].Thecoalescenceeﬀect,whichtranslates
thetendencyofphotonstoalwaysexittogether,isafeatureofthesymmetryofthewavefunction
associatedtobosons[74].Forfermions,onewouldobtaintheoutputstate|ψout=cˆ†dˆ†|0,0,
correspondingtoamaximumcoincidencecount[75].
TheHOMeﬀecttranslatesthustoavanishingcoincidencecountwhenparticlesaremade
indistinguishable[76].Thismeansthatthecross-correlatorG(2)cd,deﬁnedby
G(2)cd= cˆ†dˆ†ˆcˆd, (1.4)
tendstozero.Ontheotherhand,sinceweareconsideringa50:50beam-spliter,theaverage
outputpopulationsarethesame, nˆd = nˆc with nˆc = cˆ†cˆthenumberofphotonsinthe
outputportcandnˆd = dˆ†dˆthenumberofphotonsintheoutputportd.
Aswehaveseentwoscenariosarethenpossible.Eitherthephotonsareindistinguishable,
meaningthatitisimpossibletoidentifywhichphotonhasbeenreﬂectedortransmited,or
theyaredistinguishable,meaningthatonecanknow,viasomequantity,whichparticlehas
beenreﬂectedortransmited.Thecrossoverbetweenthesetwoscenariosisresponsiblefor
theHOM-diprepresentedinFig.1.3.Goingfromdistinguishabletoindistinguishableparticles
wasoriginalyperformedbychangingtheopticalpath,thatis,bychangingthepositionofthe
beam-spliter,asitcanbeenseenintheschematicrepresentationoftheoriginalexperiment
showninFig.1.4. Whenthechangeintheopticalpathissuchthatthetwophotonsdonot
overlaponthebeam-spliter,theparticlesaredistinguishable. Ontheotherhand,whenthe
twoparticlesoverlaponthebeam-splitertheirpathsareindistinguishableandoneretrieves
thezerocoincidencecount2asshowninFig.1.3.Otherstrategiescanbeexploitedinorderto
controlthedistinguishabilitybetweenthetwoparticles[72].Forexample,inRefs.[74,77,78],
thepolarizationofthetwoproducedphotonswasusedinordertotunetheirdistinguishability.
Itisimportanttonotethatoriginaly,theHOMexperimenthadforgoaltodeterminethe
wavepacketsizeofthephotonswitharesolutionofafewhundredsoffemtoseconds.Thesize
wasdeterminedthroughthewidthofthedipwhichisdirectlylinkedtothecorrelationlength
oftheparticles[54]. WewilseeinChapter5,however,thatthewidthoftheHOM-dipcanalso
beduetothecontributionofthespectralandspatialﬁlteringprocedure.
2Infact,thecross-correlationdoesnotreachzero.Accordingtotheauthorsthediﬀerenceisduetoanonperfect
spatialoverlap.
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1.1.1 GeneralisationoftheHOMeﬀect
Incontrasttotheprevioussituation,inputstatescontainingmorethanonephotonperchan-
nelleadtopartialdestructiveinterferenceand,consequently,toanonvanishingcoincidence
count.Considerthefolowingsituationwhereinsteadofhavingonephotonperinputportone
considerstheinputstate|2a,2b
|ψin=|2a,2b =aˆ
†2ˆb†2
2 |0,0.
Applyingthesametransformationasbefore,oneﬁnds
|ψout=−18e
−2iφSdˆ†dˆ†dˆ†dˆ†+e2iφScˆ†ˆc†ˆc†ˆc†+2ˆc†ˆc†dˆ†dˆ†|0,0. (1.5)
Oneseesthattheprobabilityofdetectingtwophotonscoincidentlydoesnotvanishandthe
destructiveinterferenceisonlypartial.Thismeansthat,althoughonewilneverdetectatthe
sametimeoneparticleperoutputport,onemaydetecttwoparticlesatthesametimeinboth
outputports. Consequently,thecoincidencecountdoesnotgotozerobutpresentsaﬁnite
value.ThiseﬀectwasdiscussedindetailinRefs.[79,80].
Thesamecalculationcanbeperformedforatwin-FockstatewithNparticles
|Na,Nb
leadingtoamulti-particle-interferenceeﬀect.Thestatecanberewritenas
|ψout= i
N
2NN!e
iφSdˆ†2+e−iφScˆ†2N|0,0.
Theprobabilityofdetectingnparticles,nbeinganevennumber,atoneofthetwooutputports,
asafunctionofthetotalnumberofparticles2Nisequalto
P(n,even)= 12N
n
n/2
(N−n)
(N−n)/2, (1.6)
whiletheprobabilitytodetectanoddnumberinoneofthetwooutputportsisalwayszero,
P(n,odd)=0.
Fig.1.5summarisesthediﬀerentdistributionsfor2N=2,2N=4and2N=10.Thesituation
with2N=2correspondstothediscussedtwophotoninterference[54,81]. Withincreasing
numberofparticles,2N=10forexample,oneretrievesthecharacteristicU-shapediscussed
inRef.[82].Thisshapeindicatesthatforindistinguishableparticles,whenthetotalnumber
ofparticlesattheinputportsincreases,theprobabilityofdetectingalparticlesinoneofthe
outputportsincreasesalthoughthecoincidencecountdoesnotstrictlyvanishes.Inthecase
ofdistinguishableparticles,theprobabilityofdetectingnbetween2Nparticlesfolowsthe
binomialdistribution,seeFig.1.6a).Onehasanincreasedprobabilityofdetectingtheaveraged
valueofNdueto50%transmissionofthebeam-spliter.Thesedistributionshavebeenrecently
studiedboththeoreticalyandexperimentalywithphotons[82,83].
Inconclusion,inthecaseofindistinguishableparticles,thevarianceofthedistributionsin-
creaseswhencomparedtothedistinguishablecase,seeFig.1.6b).
TheU-shape,however,correspondsonlytotheparticularcaseofaperfectdetection,any
losseswouldtranslateintoanon-vanishingprobabilitytodetectoddnumberofphotons.It
isalsoessentialtobeabletodetectsinglephotonsinordertodiﬀerentiatetheevenfrom
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Figure1.5:U-shapeoftheHOMeﬀectwithincreasingnumberofparticlesperinputports.Eachcanvasrepresents
theprobabilitytodetectnparticles(P(n)ononeofthetwooutcomeportsforNincomingparticlesperport.Fromlefttoright,
thetotalnumberofincomingparticles2Nincreasesfrom2to10.ForthecaseofN=2,oneretrievestheexpectedannihilation
ofcoincidencecountswhichtranslatesinanulprobabilitytodetectoneparticleperoutputport. Whenthetotalnumber
ofparticlesincreases,althoughforoddnumberonestilhasanulprobability,onestartstodetectevennumbersofparticles
diﬀerentfromtheextremecases0or2
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Nwhichmeansthatthecoincidencecounthasacertainﬁnitevalue.
Figure1.6:Distributionofthenumberofparticlesatoneofthetwooutputportsforbothdistinguishableand
indistinguishable2N=10particles.Redhistogramcorrespondstothebinomialdistributionthatonewouldobtainwithout
interferenceeﬀect.Thiscorrespondstothecaseofdistinguishableparticles.Inblue,theindistinguishableparticleinterference
distributionfor2N=10particles.Onecanseethattheprobabilityofdetectingevennumbersinoneoftheoutputportsfolow
aU-shapedistribution.
theoddnumber.Furthermore,inthecaseofamultimodesource,theU-shapealsotendsto
vanishasdiscussedinRef.[82–84].InRef.[83],atwin-beamproducedviaparametricdown-
conversionisused.Althoughthetotalphotonnumberineachbeamcanﬂuctuate,therelative
populationisidealyveryweldeﬁned,indicatingphoton-numbercorrelationsbetweenthe
beams.ThenumberofphotonsperbeamNissetto5×1010photons.Thetwobeamsarethen
ﬁlteredbothspatialy(performedbythepresenceofapinholeontheincomingbeams)and
spectraly(viaaFabry–Perotinterferometer),beingafterwardsrecombinedona50:50beam-
spliter. MeasurementswithdiﬀerentnumbersofmodesshowthattheU-shapebecomesless
visibleasthenumberofmodesincreases.ThisisrepresentedinFig.1.7foraselectionof1.2
modes,seeFig.1.7a),wheretheU-shapeisvisible.Forhighermodenumber,however,the
shapetendstodisappearasshowninFig.1.7b).Itisalsoimportanttonotethattheﬁltering
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Figure1.7:Eﬀectofthenumberofmodesintheoutputportnumberofatomsdistribution.Probabilitydistributions
P(∆)obtainedfortheeﬀectivenumbersofmodesm=1.2(a)andm=3.4(b).Oneseesthatwhentheeﬀectivenumberof
modesincreasestheU-shapetendstodisappear.FigurecopiedfromRef.[83].
Figure1.8:U-shapeobtainedwithclassicalstates. U-shapeobservedforclassicalbeamswiththeﬂuctuationsinthe
relativephaseincreasedartiﬁcialy.TheprobabilitydistributionP(∆)for:a)thethermalstateandb)thecoherentstatewith
artiﬁcialyrandomisedphase.FigurecopiedfromRef.[83].
procedurelowerstheeﬃciencyofdetection,sincephotonsarelostintheprocess.Consequently,
theprobabilityofdetectingoddnumbersincreasesandtheeﬀectislessmarked.
Inthesamearticle,theauthorsshowthatinthissituation,withhighnumberofphotons,
multimodesourceandimperfectdetectioneﬃciency,classicalstateswithrandomrelative
phasescanreproducethebehaviourofastronglycorrelatedstate,|N,N forexample. The
randomphasebetweenthetwoinputwavesalowstoreplicatetheenhancedrelativephase
uncertaintyofthestate|Na,Nb.
TheinterferometricresultforclassicalstatesisshowninFig.1.8.Boththesituationofa
thermalstate(a)andacoherentstate(b),withrelativerandom-phases,simulatethediscussed
U-shape.Oneconcludesthatinthecaseofmacroscopicpopulationswithimperfectdetection
eﬃciencyonecannotdistinguishtheresultobtainedforaclassicalstatefromaquantumstate.
Consequently,thisraisesthequestionofwhethertheHOMeﬀect,withanumberofinput
particlesclosetoone,canalsobereplicatedforaclassicalstate.
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1.1.2 Generalisationforanyinputstate
Asseenpreviously,increasingthenumberofparticlesattheinputportofa50:50beam-spliter
tendstoweakenthedestructiveinterferenceeﬀect. Althoughthepreviouscalculationswere
basedontwinFockstates,onecangeneralisetheresultwithoutanyassumptionontheincoming
state.
Thecross-correlationbetweenportscanddforthecaseofindistinguishablephotonsor
distinguishableonescanthenbewriten,respectively,as(seethedetaileddemonstrationsin
AppendixD)
G(2)cd,Ind.=
1
4G
(2)
aa+G(2)bb , (1.7a)
G(2)cd,Dis.=
1
4G
(2)
aa+G(2)bb +
1
2G
(2)
ab, (1.7b)
whereG(2)i = iˆ†ˆi†ˆiˆistandsfortheautocorrelationoftheinputportsi=a,bandG(2)ab= aˆ†ˆb†ˆaˆbforthecross-correlationbetweentheinputportsaandb.Inthecaseoftheinputstate|1a,1b,
G(2)aa=G(2)bb=0,
G(2)ab=1,
and,consequently,
G(2)cd,Ind.=0,
G(2)cd,Dis.=
1
2,
leadingtothecompleteannihilationofcoincidencecountswhentheparticlesareindistin-
guishable. Thisformalismishoweverapplicabletoanyinputstateaswilbediscussedin
Section5.3.
Forthediscussedinputstate|2a,2b,oneimmediatelyseesthat
G(2)aa=G(2)bb=2,
G(2)ab=4
so,
G(2)cd,Ind.=1,
G(2)cd,Dis.=3
and,therefore,theindistinguishablecasedoesnotcorrespondtoafulyvanishingcoincidence
count.Thiseﬀectisrelatedtothevisibility[85]deﬁnedas
V¯=1−
G(2)cd,Ind.
G(2)cd,Dis.
(1.9)
whichforastate|2a,2b isequalto¯V=0.66insteadofV¯=1forthetwoparticlecase|1a,1b.
Experimentaly,thevisibilitycorrespondstothecontrastofthedippresentonthecoincidence
countasafunctionofτasshowninFig.1.3.Foracoincidencecountevolvingfromaﬁnite
backgroundvaluetozero,thevisibilityreachesthemaximumvalueof1.Fornon-vanishing
minimumvaluesofthecoincidencecountthevisibilitydecreases.
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Parametricdown-conversion
Considertheoutputstateofa2-modeparametricdown-conversionprocess[86]whichisoften
usedinquantumoptics[13]
|ψin=
N
n=0
tanhn(λ)
cosh(λ)|n,n
whereλisrelatedtotheaveragenumberofparticlesviatherelationn =sinh2(λ). The
autocorrelationandcross-correlationarethenequalto[87]
G(2)aa=G(2)bb=2n2, (1.10a)
G(2)ab= n(1+2n), (1.10b)
whichgivesthefolowingresultforthecross-correlationmeasuredontheoutputports
G(2)cd,Ind.= n2, (1.11a)
G(2)cd,Dis.= n22+
1
2n , (1.11b)
inthecaseofindistinguishableanddistinguishableparticles,respectively. Thisleadstoa
visibilityV¯deﬁnedbyEq.(1.9)of
V¯=1− 12+ 12n
, (1.12)
thattendsto1whenn → 0andto0.5when n → ∞. Theﬁrstcase,whenn → 0,
correspondstothesituationforwhichitisveryunlikelytohavemorethanoneparticleper
inputport,thatis,tothecaseoftheinputstate|1a,1b. Whennincreases,theprobabilityof
havingmorethanoneparticleperinputportisnolongernegligibleandthevisibilitydecreases
towardstheasymptoticvalueof0.5.
Fig.1.9a)showstheevolutionofthevisibilityV¯asafunctionoftheaveragednumberof
particlesattheinputportsnvaryingbetween0.0and4.0.Oneseesthatastheaveragenumber
increasestowardsn=1thevisibilityreducesrapidly.Atlowpopulation(n<0.4),asshown
intheinsetthevisibilitygoesfrom1.0forn=0to0.75forn=0.2.Thisisduetothefactthat
theprobabilityofhavingmorethanoneparticleperinputportincreasesrapidlyasrepresented
inFig.1.9b)wheretheprobabilityofdetectingnparticlesforanaveragepopulationn
P(n,n)= tanh
nsinh−1 √n
coshsinh−1 √n
2
(1.13)
isrepresentedasafunctionofn. Asn increasestheprobabilityofdetectingmorethan
oneparticleisnolongernegligiblewhencomparedtotheoneofdetectingoneparticle.This
israpidlythecase,asshowninFig.1.9b)whereforanaveragepopulationofn =0.2the
probabilityofdetectingtwoparticlesisonlyafactorfourweakerthantheprobabilityof
detectingoneparticle.
Itisnowclearthatincreasingthenumberofparticlesperinputporthasasconsequencea
reductionoftheHOM-dipvisibilitytowardsaﬁnitevalueof0.5. Thismeansthatforthe
caseoftwocorrelatedmacroscopicbeamsofindistinguishableparticles,thecross-correlation
afterpassingthrougha50:50beam-spliteristwicesmalerthanforthecaseofdistinguishable
particles.
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Figure1.9:EvolutionoftheHOM-dipvisibilityasafunctionoftheaveragedpopulation n.a)HOM-dip
visibilityV¯asafunctionoftheaveragedpopulationperinputport n.b)Evolutionoftheprobabilitytoﬁndnparticles
(P(n)inoneoftheinputportasafunctionoftheaveragedpopulationn.Thedistributioncorrespondstotheparametric
down-conversionstate.
1.1.3 Classicalthreshold
AlthoughtheHOMeﬀecthasbeenpresentedanddescribedsofarasapurequantumeﬀect,a
naturalquestiontoaskiswhetheritispossibleornottore-interpretthisexperimentthrough
classicalwavearguments.Theanswertothisquestionisyesandno.Yes,becauseitispossible
topredictareductionofthecross-correlationwhenthepathsofourtwoparticlesbecome
indistinguishable.Andno,because,thecontrastinthissituationisboundto0.5.Forclassical
waveswithrandomphasesitisimpossibletomeasureavisibilityabove0.5.Thismeansthata
classicaldescriptiongivesathresholdvalueforthevisibilityabovewhichnosimpleclassical
explanationcanpredicttheresultaswewilsee.
ConsidertwoincomingelectromagneticwavesEaandEbofsameamplitudeE0butdiﬀerent
phases
Ea=E0eiφa,
Eb=E0eiφb,
ona50:50beam-spliter.Thetwooutcomingwavescanbewritenas
Ec= 1√2 Ea+ie
−iφSEb ,
Ed= 1√2 Eb+ie
iφSEa.
TheintensityatthetwooutputportsIcandIdbecomesthen
Ic=2I0sin2 φb−φa+φS2 ,
Id=2I0cos2 φb−φa+φS2 ,
and,consequently,theproductintensityIcIdisequalto
IcId=4I20cos2
φb−φa
2 sin
2 φb−φa
2 =I
2
0sin2φb−φa+φS .
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Thequestionisthentoknowifitispossible,viaclassicalargumentstoretrieveavanishing
coincidencecount.Sinceclassicalwavesinterfere,itisindeedpossibletoselectanareawhere
theintensityisalwayszero.Then,ifthedetectorisatthispositionthecoincidencecountwould
gotozerowhenthewavesinterfere(indistinguishablewaves)andﬁnitewhenthewaves
aredistinguishable(orthogonalpolarisationsforexample).Ifnowonechangesrandomlythe
phasebetweenthetwoincomingwavesineachrealisation,theinterferometricpaternwil
moverandomlyand, whereverthedetectorisplaced,onceaveragedoveralrealisations,
thecoincidencecountwilneverbeequaltozero.ForatwinFockstate,however,itiswel
knownthattherelativephasebetweenthetwophotonsiscompletelyundeﬁnedsinceitis
theHeisenbergconjugateoftheparticlenumberdiﬀerencewhoseuncertaintyiszero[88–90].
Consequently,choosingrandomlytherelativephasebetweenthetwoincomingparticlesdoes
notchangeathing.Inthissituation,classicalwaveswouldneverpresentazerocoincidence
countwhileaquantumstate,asatwinFockstate,would.
Averagingtheclassicalwaveinterferenceoverthephasediﬀerenceφb−φa(φ)leadsto
Idφ= Icφ=I0 (1.14a)
IdIcφ=I20/2, (1.14b)
andtothevisibility
V¯=1− IdIcφIdφIcφ
=0.5.
Inordertorandomisethephase,onecanalsovaryfromrealisationtorealisationthephase
ofthe50:50beam-spliter,φS.Infact,thisiswhatweperformedexperimentalyaswilbe
discussedinChapter5.Thus,thevisibilitycannotexceedthethresholdvalueof0.5meaning
that,viaclassicalarguments,onecannevermeasureV¯>0.5.Infact,thisthresholdof0.5
corresponds,tothebestpossiblesituationforclassicalwavessincepopulationimbalanceatthe
entranceofthebeam-spliterorlossesatthebeam-spliterwouldalwaysleadtoareductionof
theinterferencecontrastand,consequently,of¯V.
Itisimportanttokeepinmindthat,viasimpleclassicalarguments,themaximumprediction
fortheHOM-dipvisibilitycannotexceedthevalueof¯Vthres=0.5.Anyresultabovethislimit
leadstotheconﬁrmationthatquantumdestructiveinterferenceareatplayandthattheinput
stateisnotaclassicalstate.
1.2 HOM-dipvisibilityandCauchy-Schwarzinequality
Asseenpreviously,inordertoquantifythedestructiveinterferencethevisibilityoftheHOM-
dipcanbeexpressedas
V¯=1−
G(2)cd,Ind.
G(2)cd,Dis.
whichcombinedwithEq.(1.7)leadstotheexpression
V¯= 2G
(2)
ab
G(2)aa+G(2)bb +2G(2)ab
. (1.15)
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Figure1.10:Beamaandbsplitbyabeam-spliter,schematicrepresentation.Splitingoftheincomingbeamsaand
binordertodeterminetheirautocorrelation.Beama(blueincomingarrow)issplitona50:50beam-spliter(blacktrace)into
twooutcomingbeamscaandda.Thesameschemeisrepresentedforbeamb.
Fromthisexpression,onedirectlyseesthatifthecross-correlationbetweentheinputparticlesa
andbbecomesmuchstrongerthantheirrespectiveautocorrelationthenthevisibilityincreases
to1. Ontheotherhand,forasourcewithaﬁniteautocorrelationvalue,meaningthatthe
numberofphotonsperbeamishigherthanone,thevisibilityoftheHOM-dipdecreases.This
comparisonbetweencross-correlationandautocorrelationislinkedtotheCauchy-Schwarz
(CS)inequality[91–93].
TheCSinequalityisubiquitousinmathematicsandphysics[94].Itsutilityrangesfrom
proofsofbasictheoremsinlinearalgebratothederivationoftheHeisenberguncertainty
principle.Initsbasicform,theCSinequalitysimplystatesthattheabsolutevalueoftheinner
productoftwovectorscannotbelargerthantheproductoftheirlengths.Inthepresentsituation,
theinterestoftheCSinequalityisrelatedtothedetectedintensityﬁeldsofthetwoincoming
photons.Consideringthetwophotonsasclassicalelectromagneticwavestheinequalitywrites
as
IaIb ≤ I2a ·I2b, (1.16)
whereIaandIbcorrespondstotheintensityofthebeamsaandb.InordertomeasureI2a,onecannotjustmeasureIa andtakethevaluetothesquare.Sincenodetectordirectlymeasures
thesquareoftheintensityﬁeld,oneneedstobeingenious.Thesolutionisthentoplacea50:50
beam-spliterinthepathofeachbeamasrepresentedinFig.1.10.Theelectromagneticﬁeldis
thensplitintotwooutputportscandd.Forthecaseofbeamaonehas
Ia= Ica+Ida
andforbeamb
Ib= Icb+Idb .
Letusfocusonthecaseofbeama(thecalculationsforbeambareidentical).Bymeasuringthe
cross-correlationattheoutputportsIcaIda,whichforaperfect50:50beam-splitercorrespondsto
IcaIda =14I
2a,
onerecoversthevalueofI2a andI2b.Eq.(1.16)canthenbewritenas
IaIb ≤16Ic,aId,a Ic,bId,b. (1.17)
Inquantummechanics,however,theexpressionoftheCSinequalitychangesslightly.The
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beam-spliter,asdescribedinSection1.1,leadstothefolowingexpressions
cˆ†a= 1√2 aˆ
†+ie−iφSOˆ† , (1.18a)
dˆ†a= 1√2 ie
iφSaˆ†+Oˆ† , (1.18b)
withOˆ†theHeisenbergoperatorforvacuum.Asbefore,lookingatthequantitynˆcaˆnda withnˆi= iˆ†ˆi,wherethenumberofatomsistheequivalentoftheintensity,weobtain
nˆc,aˆnd,a=14aˆ
†ˆa†ˆaˆa=14nˆa(ˆna−1)=
1
4:ˆn
2a: (1.19a)
nˆc,bˆnd,b =14bˆ
†ˆb†ˆbˆb=14nˆb(ˆnb−1)=
1
4:ˆn
2
b: (1.19b)
with ::standingforthenormalorderingaverage[95].Thisnon-intuitiveorderingaverage
caneasilybeseenasaconsequenceofthetotalnumberofparticlesconservationafterabeam-
spliter.Inthissense,ifonemeasures1particleofatotalnumberofNparticles,onehasto
detectN−1particlesontheotherport.Thus,theCSinequalitycannowbewritenas
nˆaˆnb2≤ :ˆn2a::ˆn2b:. (1.20)
PleasenotetheimportanceofthenormalorderinginthisnewexpressionoftheCSinequality.
Letusconsiderthecaseofthestateseenearlier,|1a,1b. Forthisparticular,caseonehas
:ˆn2a:= :ˆn2b:=0whilenˆaˆnb2=1.TheinequalitydoesnotholdanymoreandoneviolatestheCSinequality[96].Thisresultsshowsthatforthecaseofstronger-than-classicalcorrelations
theCSinequalityisviolated.Infact,itisimportanttonotethatfordistinguishableparticlesa
violationofsuchinequalitydoesholdinformationonthecorrelationstrength[97].Inthecaseof
indistinguishableparticles,however,theinequalityviolationisonlypossiblefornon-classical
states.
Theexperimentalproductionofsuchstatesiswidelyusedfortestsofquantummechanics
[56,98,99],quantumnetworking[100,101]andquantuminformation[31,32,102]forexample.
TheconnectionbetweentheCSinequalityviolationandthepropertiesofindistinguishability
forentanglementisdiscussedinRef.[103].ItstatesthattheviolationoftheCSinequalitycan
leadtoaproofofentanglementinthecaseofindistinguishableparticles.
TheCSinequalitycanthusbewritenas
G(2)ab≤ G(2)aaG(2)bb. (1.21)
Inordertoeasilyexpresstheviolationofthisinequality,theparameterC
C= G
(2)
ab
G(2)aaG(2)bb
(1.22)
correspondingtoacorrelationcoeﬃcientisintroduced.Thisparameterissmalerthanunity
classicaly,butcanbelargerthanunityforstateswithstronger-than-classicalcorrelations.In
orderwords,C>1indicatesaviolationoftheCSinequality.Theideaisnowtoconnectthis
correlationcoeﬃcientCtotheHOM-dipvisibility¯V.StartingfromEq.(1.15)onecanexpress
V¯bythegeneralexpression
V¯= 11+(δ/C) (1.23)
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Figure1.11:HOM-visibilityandvisibilitythresholdasafunctionofδandC.a)HOM-dipvisibilitythresholdV¯thres
asafunctionoftheimbalanceparameterδ.Onecanseethatthemaximumvalueissetto0.5sinceδ≥1.Theinsetshows
thethresholdinsidearangeclosetotheonemeasuredexperimentalyinoursystem.b)HOM-dipvisibilityasafunctionofC
forδ=1.Oneseesthatthevisibilitythresholdgoesabove0.5whenC>1andsaturatesat1forC→∞.Theinsetshows
thevalueofV¯forthecorrelationcoeﬃcientCintherangeoftheexperimentalvaluesofC(seeSection3.4.2).Thegrayline
indicatesthethresholdvalueof0.5whilethedashedgraylinesindicatesC=1.
whereδ= G(2)aa+G(2)bb 2 G(2)aaG(2)bb.
ForC=1,whichcorrespondstothemaximumreachablevalueforaclassicalstate,onegets
thethresholdlimitforthevisibility
V¯thres= 11+δ, (1.24)
withδ≥1sincealthecorrelatorsG(2)havepositivevalues.ThevalueofV¯thresisrepresentedin
Fig.1.11a)asafunctionofδ.Itisshownthatthemaximumvalueof¯Vthresisequalto¯Vthres=0.5,
obtainedforδ=1.Forδ>1thevalueofV¯thresdecreasesandcorrespondstosituationswhere
thetwobeamshavediﬀerentautocorrelationvalueswhichcanbeexplainedfromimbalanced
populations,backgroundnoise,diﬀerentproductionprocesses,etc..
Forδ=1thevisibilitybecomes
V¯= 11+1/C.
AsonecanseeinFig.1.11b),whenCishigherthan1thevisibility¯Vgoesover0.5andreaches
unitywhenC→ ∞,correspondingtoasituationwheretheautocorrelationvalueiszero.
Thismeansthattheprobabilitytoﬁndmorethanonephotonperbeamvanishes.Suchstate
correspondsto|ψ =|1a,1bdiscussedatthebeginningofthischapter.
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WehaveseensofarthattheHOMeﬀectcorrespondstoadestructiveinterferencewhich
translatestoareductionofthecoincidencecountdependingonthepropertiesoftheinput
state.Thisinterferencealowstoquantifythenumberofparticlespresentperinputportaswel
asthecorrelationbetweentheparticlesarrivingatthebeam-spliter.TheHOM-dipvisibility
V¯=1−
G(2)cd,Ind.
G(2)cd,Dis.
canreachthemaximumvalueof1andcannotbeexplainedthroughclassicalwaveinterference
ifV¯ > V¯threswith V¯thresbeingat mostequalto0.5. Thus, weconcludethatdespitethe
fundamentalinterestofperformingtheHOMexperiment,whichisanessentialproofofthe
validityofquantummechanics,thisexperimentisalsoafundamentaltooltodeterminecertain
propertiesofthesourceastheaveragedpopulation,stronger-than-classicalcorrelationsand
indistinguishability.
Theobjectiveoftheworkdoneduringthisprojectwas,basedonthewideexperience
accumulatedinthedomainofquantumoptics,toadaptthephotonicHOMeﬀecttocoldatom
experimentsandtoperformthesamekindofexperimentsbutwithasourceofcorrelatedatomic
pairs.Forthispurpose,inthenextsectiontherequiredtoolsandexpecteddiﬃcultiestoprobe
thiseﬀectwithatomsaresummarised.
1.3 HOMexperimentwithatoms:necessarytools
ThemostdiﬃcultparttoimplementtheHOMexperimentwithcoldatomsistheproduction
andcontrolofatomicpairs.Althoughthecoldatomcommunityisobtainingpromisingresults
foratomicpaircreationinbothspindomain[53,104]andmomentumspacedomain[47,48,
52,105],theabilitytoproduceanddetectsinglepairsof materwavesthatcanbeeasily
manipulatedisstilnotcommon.Theknownexamplesincludethecaseoftrappedions[101]
andatoms[63,106,107].However,inthesecases,particlesarenottravelingapartfromeach
otherandtheinput/outputportsofthe50:50beam-spliterarethesamecontrarytothecaseof
theHOMexperiment.
Thediﬃcultywithatomicpairsinmomentumspaceliesinthefactthatparticlesaredistin-
guishedbytheirmomentawhicharecontinuousexternaldegreesoffreedom.Smal modiﬁca-
tionsoftheinitialconditionstranslatesintotheproductionofdiﬀerentpairs.Inotherwords,
contrarytospinsqueezingwheretheparticleiseither↑or↓,inthecaseofmomentumpaircre-
ationtherearenoboundaries.Inthissense,theexperimentalrealisationisverydemandingin
termsofcontrolandstability. WewildiscussinChapter3theachievedatomicpairproduction
inourexperimentbasedondynamicalinstabilities[105,108].
Anotherquestionthatnaturalyraisesfrominterferencephenomenonwithmater-wavesis
theroleplayedbyinteractions[109].Incontrasttowhathappenswithphotons,particlescan
interactviacolisionsorinduceddipoleforces.However,whenthenumberofparticlesatplay
islow,astheHOMexperimentsrequires,theroleplayedbyinteractionsisnegligible[109](see
Section5.8).
Alsothedetectionofatomscanbeanissue.Alongthischapter,thediscussionwasalways
basedontheabilitytodetectsingleparticles.Inthatsense,thedomainofcoldatomshavedone
greatimprovementswithsingle-atom-resolvedﬂuorescenceofatomstrappedinalatice[36,
110–112]orviaﬂuorescentresonantlightsheetlyingunderthecloud[113].Anothertechnique
reliesontheuniquepropertiesofmetastableheliumatomsusedinourexperiment.Thisvery
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stableexcitedstatelies20eVabovethegroundstate. Whenincontactwithametalicsurface,the
internalenergyoftheatomissuﬃcienttoproduceanelectronicburstwhichislaterampliﬁed
andrecordedasexplainedinSubsection2.1.2.Thissingleatomdetectiontechniqueisatthe
heartofcorrelationmeasurementinourexperimentfromtheHanburyBrownandTwisseﬀect
withmaterwaves[114,115]totheviolationofCSinequalityonatomicpairsresultingfrom
Bose–Einsteincondensatecolisions[96].
Finaly,thelastdiﬀerencewhencomparedtotheoriginalHOMexperimentstandsfrom
theselectionofbothfrequencyandspatialmodesviapinholesorspectralﬁltersandonthe
atomicbeam-spliter.Regardingtheatombeam-spliterthisisawelknowndomainwithavast
literature[116–118].Theﬁlteringprocedure,however,hasnodirectanalogue. Nevertheless,
onewilseeinChapter5thatinourexperiment,viathe3D-resolutionofthedetector,weare
abletoﬁlterthecontributionofthediﬀerentmodes.
Inconclusion,inordertoeﬃcientlyobservetheHOMeﬀectwithmater-wavesfourmain
toolsneedtobeatourdisposal:
•asingleatomdetector;
•asourceofatomicpairswithstronger-than-classicalcorrelations(C>1);
•acoherentatomic50:50beam-spliter;
•aﬁlteringprocedureinordertoguaranteeindistinguishabilitybetweenparticles.
Inthenextchapters,wewildiscussindetailsthesekeytools.
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InChapter1,fourfundamentalblockswerelistedinordertoexperimentalyaccomplish
theHOMexperimentwithatoms. Eachblockwilbediscussedinmoredetailinthenext
chapters.Inthischapter,wewilgiveanoutlineoftheexperimentalapparatus,pointingout
itsdeﬁcienciesatthebeginningofthisprojectandhowwesolvedthem.
Thechapterisorganisedasfolow.InSection2.1,westartbyreviewingsomeofthemost
fundamentalprotocolsoftheexperiment. Abriefoverviewofthestatusoftheapparatus
whenthisworkstartedisgiven,indicatingthepointsthatweremissingornotadaptedtothe
realisationoftheatomicHOMexperiment.InSection2.2,theexperimentalrealisationofa
metastableheliumBEC,withhigherfocusonthenewdipoletrapconﬁgurationimplemented
ExperimentalrequisitestowardstheHOMexperiment:BEC-stability
duringthisthesis,ispresentedandtheactualBECconditionsaresummarised,pointingoutthe
improvementsmadeandtheirsigniﬁcanceforpresentandfutureexperiments.
2.1 Statusoftheexperimentinthebeginningoftheproject
ThemetastableheliumexperimentattheInstitutd’Optiqueisoneoftheoldestcoldatoms
experimentswheretheﬁrstBECofmetastablehelium4wasobtainedin2001byA.Robertetal.
[119].Thisset-upisattheoriginofmanydiﬀerentimportantresultsinthedomainofquantum
atomopticssuchastheHanburyBrownandTwisseﬀectwithatoms[114,120,121],atomic
pairssourcesinmomentumspace[48,51,108],superradiance[68],dynamicalCasimireﬀect
withmaterwaves[39],andmorerecentlytheatomicHOMeﬀect[122].
Thismanuscriptisfocusedontheworkcarriedbetweentheyears2011and2014.During
thistimetheatomicHOMexperimentandtheatomicanaloguetothedynamicalCasimireﬀect,
alongsidewiththestudyofsuperradiance,wereperformed.Theresultspresentedinthisthesis
areaconsequencenotonlyofnewimprovementsdoneontheexistingset-upbutalsoalthe
workdonebypreviousresearcherssince1996.Thegoalofthissectionistosummarisethemain
characteristicsoftheapparatus,atthebeginningofthisthesis,anditsoperatingprocedure.
2.1.1 Metastablehelium
Thereasonforhelium4notbeingcooledinitsfundamentalstateliesinthefactthattheinternal
statecannotbemagneticalytrappedsinceithasnoglobalspinandthattheclosestexcitedstate
is19.8eVaboveit(seeFig.2.1).Thishugediﬀerenceofenergycorrespondstoawavelengthof
50nmthatisdiﬃculttoaddressexperimentaly.Sincemostcoldatomtechniquesarebasedon
light-materinteractions[123,124]itisthenabadcandidatetobecooled.
Ontheotherhand,the23S1metastablestatehasaspininducedmagneticdipolemoment
thatalowsonetotrapitmagneticalyandpresentsaccessibleopticaltransitionsat1.08µm
and389nmasrepresentedinFig.2.1.Forthesereasons,themetastablestate23S1isagood
candidatetobetrappedandcooled,makingHeliumoneofthefewnon-alkaliatomstohave
beencondensed[119,125–132].InTable2.1themostimportantvaluesofthemetastablehelium
4aresummarised.
Oneoftheparticularitiesofthismetastableatomisitsinternalenergy.Eachtrappedatom
hasaninternalenergyof19.8eVwhichislargecomparedtotheenergyscaleofsuchsystems
(therecoilenergybeingequaltoErec=10−11eV).Thisisthemostimportantreasonwhywe
areworkingwiththisatom. Whenithitsametalicplateitsenergyissuﬃcienttoreleasean
electronsincetheelectronbindingenergyofmostmetals(workfunction)isequaltoafeweV.
Thiselectroncanbeampliﬁedleadingtoamacroscopicelectronicsignal.Experimentalythisis
performedbyletingtheatomsfaltowardsamicro-channel-plateattheendoftheexperimental
sequencewhichalowsustodetecteachatomindividualy.
Anotherimportantcharacteristicofheliumatomisitslowmass.Thisimpliesthattherecoil
velocityalowsonetoresolveeﬃcientlythemomentumdistributionofscateredatoms.This
wilbeanimportantfeaturetodistinguishtheatomicpairsfromtheinitialBECsourceandwe
wilcomebacktothispointlater.
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Figure2.1:Helium4atomicstructure.Energylevelrepresentationoftheﬁrstexcitedstatesofheliumatom.Themetastable
state23S1isrepresented19.8eVabovethefundamentallevelandtheopticaltransitionswiththeexcitedstate23P0,1,2usedfor
coolingandmanipulatethemetastablestatearerepresented.
Opticaltransitions
Twoopticaltransitionshavetobeconsidered(seeFig.2.1),
•theP2line,correspondingtothetransitionbetween23S1→ 23P2, whichisusedfor
alcoolingmechanisms,namelyforthemagneto-optical-trap(MOT),opticalmolasses,
Zeemanslower,re-pumpingand1DDopplercooling(seeSubsection2.1.3);
•andtheP0line,correspondingto23S1→23P0transition,throughwhichthebeam-spliter
andtheRamantransferareperformed(seeChapter4andAppendixCformoredetails).
ToaddressthesetwotransitionstwoDBRlaserdiodes[136]areusedontheexperiment,
onelocked,bysaturationabsorption,ontheP2transitionandanotheronelockedontheP0
transition.
2.1.2 TheMicro-Channel-Plate:He*detector
MoredetailsontheMicro-Channel-PlatedetectorcanbefoundinthethesisofLynnHoender-
vangerRef.[137]andRef.[138].
TheMicro-Channel-Plate(MCP),showninFig.2.2,correspondstothebestsuitedmetastable
heliumdetectorforcoldatomsexperiments.Itoperatesinthesamewayasaphotomultiplier
doesforphotons: whenametastableheliumatomhitsthemetalicplate,itsinternalenergy
issuﬃcienttoextractatleastoneelectronfromtheplatewhichislaterampliﬁedthroughthe
channel(seeschemeofFig.2.2a).Inordertoincreasetheelectronicsignal,twoplatesareplaced
onebehindtheotherwhichalowsustomultiplytheﬂuxbyafactor107.Sincethepressure
inthesciencechamberisverylow(P≤10−10mbar)theprobabilityofdetectinganythingelse
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Figure2.2: Representationofthe
Micro-Channel-Plate. a)Schematicrep-
resentationofthemechanismofthechannel
platedetector.Theatomhitsthechanneland
releasesafewelectrons.Duetoahighvolt-
agediﬀerencebetweentheedgesofthemetal-
lictube,theelectronsignalisampliﬁedand
correspondsattheendofthetubetoamacro-
scopicelectronbursteasilydetectable.b)The
plateisshowninitsmountwiththedelay
lineslayingbeneaththeMCP.TheMCPcor-
respondstohundredsoftubesastheonede-
scribedina)withaseparationbetweeneach
of5µm.Thetubesdrawanangleof7◦along
theverticaldirectionandhaveaneﬀectivedi-
ameterof25µm.Thisangleisresponsible
fortheverticalresolution.Twoatomsarriv-
ingatthesametimebutseparatedbyless
than25µmproducetwoidenticalelectron
burstandcannotbedistinguish.Thisleads
toaverticalresolutionof150µm,fulwidth
athalf-maximum
Figure2.3: Delaylineschematicrepresentation.TheelectronburstcomingfromtheMCPfalstothedelayline.The
electricsignalpropagatesthenalongthelineinbothdirections.Twodetectorsattheendsofthelinesregisterthearrivalstime
ofbothsignals.Acomparisonisperformedbetweentherecordedtimesofthetwodetectors.Knowingthelengthoftheline
andthepropagationvelocityalongit,oneinfersthepositionoftheelectronburstand,asaconsequence,oftheatomsonthe
MCP.Theprecisiononthepositionoftheatomislimitedbytheﬁnitewidthoftheelectronicsignal.Thisisresponsiblefor
thetransverseresolutionofourdetectorof400µm,fulwidthathalf-maximum.Twoperpendiculardelaylinesarethenplaced
belowtheMCP,inordertodeterminebothcomponentsonthehorizontalplane.Thedelaylinesdoseveralloopsinorderto
completelymaptheareabeneaththeMCP.Thisalows,withthearrivaltime,toreconstructthepositionoftheatominalthree
directionsofspace.
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Quantity Symbol Value
Lifetimeofthe23S1metastablestate[133] 7870(510)seconds
Mass mHe 6.65×10−27kg
Wavelengthofthetransition(23S1→23P2) λrec 1083nm
Radiativedecayrate Γ 2π×1.62MHz
Saturationintensity Isat 1.6W/m2
Scateringlengthforthes-wave(seeRef.[134,135]) a11 7.512×10−9m
Recoilmomentum krec= 2πλrec 5.8×106m−1
Recoilvelocity vrec= vrecmHe 9.2cm/s
Recoilenergy Erec= 2k2rec2mHe 2.8×10−29J
Recoiltemperature Trec=EreckB 2.06µK
Table2.1:Mainvaluesofmetastablehelium4. Summaryofthemostimportantvaluesassociatedtothemetastable
helium4atom.
thansinglemetastableatomsisnegligible[139].Thistechniquealowsustodetectindependent
singleatomsandavoidsanydoublecounting.Indeed,oncetheinternalenergyoftheatomhas
beentransferredintoanelectronbursttheprobabilityforthesameatomtoproduceanother
electronburstisnegligible. However,thedetectioneﬃciencyofthisprocessisquitereduced
sincenotalatomssucceedinextractinganelectron.Fromourmostrecentexperimentalresults,
weestimatethedetectioneﬃciencytobeatleastequalto25(5)%[68,122](seeSection3.4.2).
Sincetheelectronpropagationtimeisreduced,shorterthanananosecond,thearrival
timemeasurementoftheelectronburstreﬂectsdirectlythearrivaltimeoftheatom.Inour
experiment,thedetectorlays46cmbelowtheatomiccloudandsoweareessentialysensitive
totheinitialspeedoftheatomor,asinthecaseofacondensate,tothevelocityoftheatoms
aftertheconversionoftheinteractionpotentialintokineticenergyhasbeendone.
Forthecaseofaveryelongatedcondensatewithlongaxisalongtheverticalzdirection,which
wasthecaseforacondensateobtainedintheverticaltrapalone,however,thisisuntrue.The
time-of-ﬂightisnotsuﬃcientlylongtoneglecttheinitialsizeofthecondensate.Consequently,
thearrivaltimeofeachatomisgivenbyitsinitialspeedandpositionalongthecondensate
[140].Thisanisotropyofthecloudhas,sincethen,changedwiththeadditionofanhorizontal
trap(seeSection2.2).Thetimediﬀerenceduetotheﬁnitesizeofthecloudisnowcurrently
around34µsandliesbelowtheverticalresolutionofthedetectoraswewilseelateron.For
thecaseoftheatomicpairs,aswewilsee,thearrivaltimereﬂectsonlytheirinitialspeed(see
Section3.3).
Bymeasuringthearrivaltimeoftheatoms,onerecoverstheinitialvelocityofeachdetected
atomalongtheverticalz−axis.Fortheothertwotransversecomponentsofthevelocityvector,
itisimpossible,fromtheMCPsignalalone,todeterminetheircomponents.Inordertofuly
describethevelocityvector,itisthennecessarytoaddtwodelaylines.
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Delaylines
Adelaylinecorrespondstoametalic,transmissionlinewithaweldeﬁnedlength.Itisplaced
underthe MCPanditsfunctionalityisthefolowing. Theelectronburstproducedbythe
atomcomesoutofthechannelandfalsonthemetaliclinewhichlaysbelowtheMCP.The
electronspropagatealongthelineonbothdirectionsataspeedv≈c/3,withcthespeedof
light.Bymeasuringthearrivaltimeofbothpulsesoneachendofthelineonecan,knowing
thetotallengthoftheline,recoverthepositionoftheatomalongthisdirection(seeFig.2.3for
aschematicrepresentationoftheprocess).Ifnowoneplacestwoofthoselinesperpendicular
toeachother,itbecomespossibletogetthecoordinatesofeachatomonthehorizontalplan.
Combinedwiththearrivaltimemeasurement,oneisabletofulyreconstructthevelocityvector
ofeachdetectedindividualatom.Thepulsesareconvertedintodigital(binary)outputthrough
aTimetoDigitalConverter(TDC)tobelateranalysed(seeRef.[139]formoredetails).
Detectorresolution
Theresolutionofthedetectorismainlydeterminedbygeometricalandelectronicfeatures.
Transverselytheresolutionislimitedbythespreadoftheelectronburstwhichisapproxima-
tivelyequalto400µm,whileverticalythedominantlimitationisduetotheinclination(7-8◦)
ofthechannelsandleadstoadetectorresolutionof150µm(foradetaileddescriptionsee
Ref.[141]).
Convertedintospeed,thiscorrespondstoaresolutionof1.3×10−3m/sor1.4×10−2vrecalong
thetransversedirectionandof4.6×10−4m/sor5×10−3vreclongitudinaly.
Detectorsaturation
Whentheﬂuxofincidentatomsishigh,asforthecaseofaBEC,alocalsaturationofthedetector
isnoticeable.1Anasymmetricarrivaltimedistributionisthenvisible(seeFig.2.7forinstance).
Thisasymmetrycanbedueto[142]:
•Localsaturation
Thesaturationcorrespondstoamassiveextractionofelectronsfromthewalsofthe
channelsthathaveacertainloadingtime.Ifmanyatomsarriveatthesametimethen
theﬁrstonesarenormalydetectedwhilethelatestaremorelikelymissed.Thiskind
ofphenomenontranslatestoanasymmetricshapeofthearrivaltimedistribution.This
usualyhappensforalocalﬂuxof105atom/cm2/s.
•Electronicsaturation
Theconsecutivesignaltreatmentinducesadeadtimeofapproximatively20ns.Iftwo
atomsarrivewithatimediﬀerenceshorterthanthisvalue,theycannotproducetwodis-
tinguishableelectronburstand,consequently,oneofthetwoismissed.Thiscorresponds
thentoamaximumtemporalﬂuxof1/20ns=5×107atoms/s. However,thisvalueis
alsolimitedbythemaximumﬂuxoftheelectronicswhichsaturatesat5×106atoms/s.
•Reconstructionsaturation
Duringthereconstructionalgorithmsusedtotransformthefourelectronicsignals,cor-
respondingtothefouroutputsofthetwodelaylines,intoa3Dcoordinateofonesingle
1Consequently,noinformationcanbesortedoutfromthedensityproﬁleoftheBEC.Thiswilbediscussedin
Section2.2.
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atomaselectionisperformed.Iftheatomﬂuxincreasesstronglythenitbecomesdiﬃcult
todiﬀerentiatethefoursinceeachelectronbursthasaﬁnitewidth.Itisthenimpossi-
bletoreconstructeachatomindividualy[139].Thistranslatesintoadipcentredatthe
maximumintensityofthecloud.
Detectioneﬃciency
Withthepairproductionsystem,discussedalongthismanuscript,asub-shotnoisevariance
hasbeenmeasured.Consideringthattheproducedpairsaremaximalycorrelatedandthatthe
variancegoestozero(seeSection3.4.2andRef.[51]formoredetails)weestimatethedetection
eﬃciencytobehigherthan25(5)%.However,noupperboundhasbeenestimatedyet.
2.1.3 Coolingprotocol
Heliumsource
TheﬁrststepinordertocreateaBECofmetastableheliumistotransfersomeheliumatomsto
the23S1excitedstate.AsshowninFig.2.1,themetastablestatehasaninternalenergyof19.8eV
correspondingtoawavelengthofapproximatively50nm.Althoughonecannotaddressthis
transitionopticaly,itispossibletoexciteatomsinaveryeasyanddirtywaybyletingthe
atomspassthroughahighelectricpotentialdiﬀerence.Aplasmaisthencreatedwithalkind
ofexcitedstatesandionisedparticles[143,144]. Averyweakfraction(≤10−2%)ofatoms
aretransferredtothe23S1metastablestatewhichcanbeaddressedopticalyusinglaserbeams
withwavelengthof1083nm[124].Afterthiselectricdischarge,theatomsmovefastonalthree
axis.
Onewouldthenliketocolimatetheproducedmetastableatomsinordertodirecttheminto
atrapwheretheycouldbeeﬀectivelycooleddown.Forthispurpose,fourlaserbeamscreate
theequivalentofalensforatomsviatransversemolassesandcolimatetheatomicbeam[136,
145].Thistechniquealowsusnotonlytocapturetheatomsbuttokeeponlytheoneslying
onthemetastablestate.Thelongitudinalvelocityislimitedbycoolingthedischargestructure,
representedinFig.2.4by(b),withliquidnitrogendownto77K.However,afterthisprocedure
theatomsarestil movingwithaspeedof1500m/salongtheaxisofpropagation.Inorderto
loadthemagnetic-optical-trap,onestilneedstostronglyreducetheirspeed.
Zeemanslower
A3mlongZeemanslowerisused[124,136]. ThelengthoftheZeemanslower,whichis
acharacteristicofal metastableHeliumexperiments,isduetotheverylonglifetimeofthe
excitedstate23P2whichcorrespondstoτ=1/Γ=0.1µs.Sincetherecoilvelocity,givenbythe
absorptionofaphoton,isapproximativelyequalto0.1m/sandknowingthattheinitialspeed
isequalto1500m/sthen,itisnecessaryforeachatomtoperform15000cyclesofabsorption-
emissiontoslowdowntozero. Thetypicaltimeis1.5mswhichcorrespondstoadistance
traveledofapproximatively3m.Thelaserbeamresponsibleforthecyclingprocessisdetuned
400MHztotheredofthetransitionandaspatialyvaryingmagneticﬁeldcompensatesthe
Dopplershiftalongthedistance[124].
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Figure2.4: Sourceofmetastableheliumatoms.Aconstantﬂuxofheliumatomsissenttowardsametalicneedle
connectedtoa3kVpowersupply.Aplasmatakesplacebetweentheneedleandtheconeinfrontofitconnectedtotheground.
Thecontainerrepresentedin(b)iscooleddownbyliquidnitrogenduringthisphaseinordertoreducetheatomiclongitudinal
speed. Atransversemolassesisthenappliedinordertoreducethetransversalspreadingofthemetastableheliumatoms
alowingtoeﬀectivelyloadaMOTlocatedattheendofa3mlongZeemanslower.
Magnetictrap
TheZeemanslowerloadsdirectlyamagneto-opticaltrap(MOT)withaﬂuxof108−109at/s
whichsaturatesafter2s.TheMOTbeamscorrespondtoasetofthreepairsoflaserbeamswith
polarizationσ+,fortwoofthepairs,andσ−fortheotherpair.Thesixbeamsaredetunedby
56MHztotheredofthetransition.
Upto108metastableHelium4atomswithanapproximatetemperatureof300µKarethen
loadedinaIoﬀre-Pritchardlikemagnetictrapwhereanopticalpumpingphaseisperformed
[136]. A1DDopplercoolingstageisalsoperformedinthemagnetictrapwhereaclose-to-
resonancelow-intensitylaserbeamisappliedontheatomsfor6s[146].Thecloudtemperature
isthenequalto150µK. Themagnetictrapisafterwardscompressedinordertoincrease
theclouddensityandtheatomsarecooledviaevaporativecoolingbyradiofrequency(RF)
coupling[147].TheRFisrampedbetween30to6.2MHzin6s,knowingthatthebiasﬁeld
liesat5.5MHz. Attheendofthisstage,upto5×106metastableheliumatomsaretrapped
andcooledatatemperatureofapproximatively15µK. Theevaporationcanbecontinued
untilcondensationisreached,whichwastheprocedurethatalowedtheﬁrstobservationof
metastableheliumcondensatein2001[119]. Nevertheless,duetothepresenceofmagnetic
instabilities,thebiasﬁeldﬂuctuatesbetweensuccessiveexperimentalcycles.Thisleadstoan
instabilityontheevaporationprocessand,asaconsequence,onthetotalnumberofatoms
presentintheBEC[148].Inordertoavoidtheseinstabilitiestheatomsarenowtransferredto
averticaldipoletrapsincetheyear2010[149,150].
2.1.4 Verticaldipoletrap
Inordertocreateanatractiveorrepulsivepotentialvialight-materinteractiononecantake
advantageoftheinduceddipoleoftheelectromagneticﬁeld[151](seeAppendixBformore
details). Theopticalverticaldipoletrap,whoseopticalbenchisrepresentedinFig.2.5,is
formedfromasinglefar-detuned1.5-µm-wavelengthlaser,fromIPGcompany.Thevertical
dipoletrapcorrespondstoalaserbeamfocusedtoawaistw0=43µm.Theinduceddipole
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Figure2.5: Pictureoftheopticalbenchoftheverticaldipoletrap.Thisopticalbenchissuspendedinthevertical
positionabovethesciencechamber.FigurecopiedfromRef.[150].
potentialplusgravitycanthenbewritenas
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withΓ=2π×1.6MHzcorrespondingtotheradiativedecayrateofthetransition23S1→23P2,
ω0thefrequencyofthetransition,ωdipthefrequencyoftheelectromagneticﬁeld,wvertthewaist
oftheverticalbeam,zvert= πw2vert λdiptheverticalbeamRayleighlengthandz0=2.3mmthecentralpositionoftheverticalwaist.
TheintensityisrampeduptoafulpowerofP≈1.5Winapproximately1s.Themagnetic
trapisthenswitchedoﬀinatimescaleontheorderof100µsandabiasmagneticﬁeldB0=3G
isappliedinthehorizontaldirectioninordertomaintainthepolarisationoftheatoms.Atful
power,thetrapprovidesapotentialdepthof50µK.However,sincethebeampropagatesalong
theverticaldirection(z−axis)duetogravityaneﬀectivelipisformedatthebotomofthevertical
potential[149].Theheightofthelipdeﬁnestheeﬀectivedepthofthepotentialanddepends
stronglyontheopticalpower.Typicalyupto1−3×105atomsaretransferredinthispotential
withatemperature,afterthermalisationofthecloud,of3µK.Thetypicallifetimeofatomsin
thesub-levelstatemj=+1isthenof22s.Atfulpower,thetypicaltrappingfrequenciesare
ω⊥=2π×2.4kHzandωz=2π×15Hz.Furthercoolingisachievedbyevaporationasthetrap
laserintensityIisdecreasingfromitsmaximumvalue,I0,toaconstantnonzerovalue,IF,in
anexponentialwayoverapproximatively4sas
I(t)=(I0−IF)e(−t/τev)+IF,
wherethetimeconstantτev=1s. Afterevaporation,acondensatewithupto3×104atoms
isobtainedwitharemainingthermalfractionontheorderof5%atatemperatureTtherm=
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Figure2.6: Schematicrepresentationofavertical
trapBECtime-of-ﬂight.Theexpansionofthecondensate
obtainedinaverticaldipoletrapisschematicalyrepresented.
FigurecopiedfromRef.[150
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Figure2.7:Typicalarrivaltimedistributionofacon-
densanteobtainedintheverticaldipoletrap.Thecon-
densatearrivaltimedistributionpresentsahalf-widthathalf-
maximumof0.08msandaresidualthermalcloudattemper-
atureof200µK.Thecentraldipinthedensityproﬁleisdue
tosaturationofthedetector(seeSubsection2.1.2formore
information).t0correspondstothecentralarrivaltimeand
isequalto308ms.
300nK.ThecondensatehasthenaveryelongatedshapewithaverticalThomas-Fermiradius
ofL=400µmandatransverseradiusofR=4µm,seeSubsection2.2.2.Thetypicaltrapping
frequenciesarethen,attheendoftheevaporation,equaltoω⊥=2π×1.3kHzandωz=2π×7Hz.
Thetypicalcriticaltemperatureisaround600nK. Oncethetrappingbeamsareswitchedoﬀ,
theatomsfaltotheMCPdetector,located46cmbelowthetrappingregion.Theexpansion
ofthecloudisschematicalyrepresentedinFig.2.6.Thedetectioncorrespondstoaverylong
time-of-ﬂight(308ms)alowingustoreconstructtheinitialspeedoftheatoms.Atypicaltime-
of-ﬂightdensitydistributionproﬁle,alongtheverticalaxis,isrepresentedinFig.2.7.Thehole
inthedistributionandtheanisotropicshapeareduetothesaturationofthedetector.
Theverticaldipoletrapalowedtheexperimenttogainstabilityoverdensityandtemper-
ature. However,anarrivaltimeﬂuctuationoftheBECobtainedintheverticaldipoletrapis
noticeableandatributedtotheverticalopticalbenchstability.Inordertoimprovetheexperi-
mentalstabilityahorizontaldipoletrapwasaddedtotheset-up.Thisiswidelydiscussedon
Section2.2andcorrespondstooneoftheadditionstotheexperimentalapparatusduringthis
thesis.
2.1.5 The1Dopticallatice
Theexistinglatice,atthebeginningofthiswork,wasformedbytwocounter-propagating
laserbeamswithwavelengthofλlat=1064nm(detuned19nmfromresonance)comingfrom
aMephistolasersplitintwoindependentopticalpaths.Bothbeamswerefocusedtoa1/e2
Gaussianbeamwaistradiusof200µm.Thetwobeamswerecounterpropagatingandforming
anangleof7◦withrespecttotheverticalaxis.Thisangleisduetotherestrictedopticalaxisof
oursciencechamberanddeterminedbythepositionofthefourwindowsrepresentedbythe
letersW1,2,3,4inFig.2.8.Theusualopticalpoweris13mWcorrespondingtoalaticedepthof
0.8ElatwithElatdeﬁnedby
Elat=
2k2lat
2mHe
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Figure2.8:Latticealignmentgeometry.Beforeandafterthisproject.Thelaticeisnowalignedwiththeverticalaxis
andsuperposedwiththeverticaldipoletrapdeﬁningthelongaxisofthecondensate.
and
klat=2πλlat.
Thelaticedepthcan,however,betuneduptoamaximumvalueof4Elat.Aswewilseelater
on,weareinterestedinworkingwithveryshalowlaticesforthepaircreationprocess.
Sincethetwobeamsareindependent,onecanchangetheirrespectivefrequencyand,asa
consequence,changethelaticespeed.Thisisusedtogiveacertainvelocitytothelaticeand
tocreateatompairsviadynamicalinstabilities.
Oneparticularchangethathasbeendoneduringthisprojectisthegeometricalalignmentof
thelatice.Sincebothbeamsmadeanangleof7◦withrespecttotheverticalz−axis,thelatice
wasalsomakinganangleof7◦withrespecttotheverticaldirection,seeFig.2.8leftside.This
smalanglehadanoticeableeﬀectonthepaircreationprocessaswewilseeinSection3.3.
Thelaticebeamsarenowforminganangleof70and−70whichleadstoa1Dopticallatice
alignedalongthez−axis,seeFig.2.8rightpanel.
2.1.6 Summary
ThecharacteristicvaluesdiscussedsofararesummariseinTables2.2and2.3.
Wehaveshownthatseveraldiﬀerenttoolswereatdisposalatthebeginningofthisproject.
However,therewerestilsomeissuestoaddress,namely:
•theverticaldipoletrapstability
•andthegeometricalalignmentofthe1Dopticallatice.
Thebeam-spliter,essentialfortheHOMexperiment,wasnotbuilt.Inthissense,alotof
experimentalworkwasneededbeforehoppingtoachievetheatomicHOMexperiment.The
folowingsectionsdescribeindetailsalthischangesandtheirimpactsonthephysicsatplay.
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Step Temperature(µK) Numberofatoms
MOT+Molasses 300 108
Magnetictrap+opticalpumping+1D
Dopplercooling 150 1−5×107
RFevaporativecooling 15 5×106
Dipoletrap(loading) 3 1×105
BEC(verticaltrap) 3−6×104
Residualthermalcloud 0.3 103
Table2.2: Characteristictemperatureandatomnumberalongthecurrentexperimentalcycle. Summaryofthe
temperatureandnumberofatomsalongthediﬀerentstepsofthetypicalcyclingprocedure.
Geometrical
Details Waist(µm)
Maximum
Power(mW)
Axisof
propagation
Wavelength
(nm)
43 2000 verticalz−axis 1550
BEC ω⊥(2π×Hz) ωz(2π×Hz) NumberofAtoms
Anisotropy
(L/R)
1550 7 3−6×104 100
Table2.3: TypicalvaluesoftheBECintheverticaldipoletrap. Wesummariseinthistablethemostimportant
informationabouttheverticaldipoletrapandtheobtainedBEC.
2.2 Bose–EinsteincondensateofmetastableHelium
ABose–EinsteincondensateisastateofmaterofadiluteBosegasobtainedwhenalarge
fractionofbosonsoccupythelowestenergeticquantumstate[147,152].Suchastateisreached
bycoolingdownthegasaswelasincreasingitsdensityleadingtoanincreaseofitsphase-space
density.Fora3Dgas,whennλ3dB>2.6,wherenandλdBcorrespondtothedensityandthethermaldeBrogliewavelengthrespectively,aBECisobtained[153].Thecondensationleadsto
theextinctionofphaseﬂuctuationsanddensityﬂuctuationsoverthelengthofthecloud.
FortheexperimentreportedinthisthesistheinterestofusingaBECistwofold.First,itisa
sourceofhighdensityandalowsonetoeasilyprobenonlineareﬀectssuchassuperradiance
orspontaneousparametricdown-conversion.Second,thesourcehasaverysmalspreadin
momentumspacewhichalowsustoeasilydistinguishtheBECfromtheproducedatomic
pairsaftertime-of-ﬂight.ForthesereasonsourstartingpointwilalwayscorrespondtoaBEC
ofmetastablehelium4.
2.2.1 Arrivaltimeinstabilityofthecondensate
AsdiscussedinRefs.[39,108,141,142]andinSubsection2.1.4,wenoticedthatthecentral
arrivaltimeofthecondensate,obtainedintheverticaldipoletrap(alone),wasﬂuctuatingfrom
shottoshotrealisations.TheﬂuctuationspresentedaRMSwidthof0.1msdeterminedfrom
2100repetitionsofthesameexperimentalcycle. Thishastobecomparedtoasingleevent
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Figure2.9:Jittereﬀectonthetwo-bodycorrelationfunction.Theﬂuctuationofthecondensateinducesﬂuctuationsof
theatomicpairsvelocitiesviaconservationofmomentum(upperpanel).Theseﬂuctuations,oncecomputed,translateintothe
appearanceofartiﬁcialstructuresonthenormalisedtwo-bodycorrelationfunction.FigurescopiedfromRef.[141].
arrivaltimedistribution,whichhasaRMSwidthofapproximatively0.08ms.Thearrivaltime
ﬂuctuationisthencomparabletoasinglearrivaltimedistributionandcannotbeneglected.
Sincetheatomsaredetectedafteraverylongtime-of-ﬂight,theﬂuctuationcorresponds
mainlytoaninitialspeedﬂuctuation[142]. Thisinitialinstabilityisprejudicialtoourpair
productionaswewilseeinSection3.2.Indeed,thephysicalprocessattheoriginofthe
pairproduction(dynamicalinstability,seeRefs.[105,108,154,155])dependsontheinitial
BECspeed.Ifthespeedisnotweldeﬁned,neitherarethevelocitiesofthepairsproduced
and,consequently,thesameinitialexperimentalconditionsarenotmaintainedinbetween
realisations.
Consequencesofthisinstability
OnespeciﬁcconsequenceoftheseinstabilitieswasreportedinRef.[142]page128, where
artiﬁcialtwo-bodycorrelationsappearduetoarrivaltimeﬂuctuationsoftheatomicpairs.
Sincetheinitialvelocityofthecondensateﬂuctuatesthephase-matchingconditionsleadto
ﬂuctuationsofthepairvelocities(seeSection3.2for moreinformations).InFig.2.9, we
schematicalyrepresentthetwoatomicbeamsaandb(correspondingtoouratompairs)with
initialspeedﬂuctuations(∆kaand∆kb,respectively,seeFig.2.9)duetoﬂuctuationsoftheBEC
(∆k0seeFig.2.9).Theexpectedtwo-bodycorrelationfunctionbetweenatomswithmomentakz
andkzisrepresentedinthebotompanel.Onecanseethatartiﬁcialstructuresappear,centredonthethreeclouds,whentheyshouldnot(seeRef.[141,142]formoreinformations).
Thismeansthatinordertoaccuratelymeasurethecorrelationsbetweenthetwobeams,for
instance,oneneedstoselectfromNrealisationstheM <Neventscorrespondingtosimilar
initialspeedinordertoavoidtheartiﬁcialcontributionfromBECﬂuctuations.This,however,
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Figure2.10:ArrivaltimeﬂuctuationoftheBEC.FluctuationsofthearrivaltimedistributionoftheBECproducedinthe
verticaltrapalone.Eachdetectedcondensatedensityproﬁleisﬁtedandthecenterofitsdistributioncorrespondtooneentryof
therepresentedhistogram.Therepresenteddistributioncorrespondtotheadditionofthediﬀerentcentralarrivaltimeof2100
condensaterealisations.
stronglyreducesthetotalnumberofeventsunderconsiderationandisanissueintermsof
signal-to-noiseratio.
Anotherpossibilityconsistsinrefocusingeachcondensatearrivaltimedistributionand,
consequently,correcttheﬂuctuationsafterdetection.Thisdoesnotalowustosafelycorrect
theshiftintheatompairsreconstructionsincetheatomstravelwithdiﬀerentvelocities,see
Fig.2.9.Onecanthenﬁteachcloudformingthepairandrefocusingit[39,108].However,this
becomesimpossibletoperformwhenonewantstoworkwithverylowpopulation,asinthe
caseoftheHOMexperiment.Thesolutionisthentousemoresophisticatedanalysisprotocols
suchasthePrincipalComponentAnalysis.
Whateveronemightchoosetodo,themostgeneralconsequenceisthatsomeeventshave
tobeselectedfromthetotalsampleofrealisations.Thisleadsunequivocalytoadiminution
ofthesignal-to-noiseratioandtoaneﬀectiveslowerexperimentalcycle,sinceitisnecessaryto
repeattheexperimentmoretimestoretrievethesamenumberofusefulevents.
Quantitativemeasurementoftheﬂuctuations
Inordertoquantitativelydiscussthiseﬀect,letuslookatthearrivaltimedistributionofthe
condensate(seeFig.2.7forinstance)ontheMCPafterthetime-of-ﬂightof308ms. Weﬁtthe
arrivaltimedistributionofoneBECretrievingitscentralarrivaltime.Fromoneexperimental
realisationtotheotherthiscentralvalueﬂuctuates. Wethusobtainadistributionofcentral
arrivaltimesasrepresentedinFig.2.10.Theﬁgurecorrespondsto2100identicalexperimental
sequences. OnecanidentifytwodistinctgroupsinthedistributionshowninFig.2.10.The
ﬁrstoneiscentredatapproximatively308mswithaRMSwidthof0.1ms.Thesecondgroup
correspondstocondensatesarrivingsooner,around307.3msandwithanRMSﬂuctuationof
0.2ms.Oncemore,bycomparingthoseﬂuctuationstoasinglearrivaltime,withwidthequal
to0.08ms,oneimmediatelyseethattheﬂuctuationsarenotnegligible.Indeed,aﬂuctuationof
0.1−0.2mstranslatesintoaninitialspeedﬂuctuationof1−2×10−2vrecwhich,aswewilseein
Chapter3,changethevelocityoftheproducedatomicpairsbyapproximatively1–5×10−2vrec.
Knowingthatthetypicalautocorrelationwidthisequalto1–2×10−2vrecalongtheverticalaxis
(wewilshowthisresultinSection3.4),itisimportanttosuppresstheseﬂuctuations.
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2.2.2 AnisotropyoftheBEC:phaseﬂuctuationissues
AnotherissuethatcomeswiththeverticaltrapisthattheresultingBECisveryelongatedsince
thetransversefrequencyofthetrapω⊥=2π×1275kHzismuchlargerthanthelongitudinal
frequencyωz=2π×7Hz.
ForsuchstronglyanisotropiccondensatethewelknowThomas–Fermiapproximationdoes
nolongerhold[156,157].2 Thisapproximationconsists,intheregimewheretheatomic
interactionsaredominant(µ ωi,kBT),inneglectingthekineticenergytermoftheGross-
Pitaevskiequation
µψ(z)= −
2
2m
∂2
∂z2+V(z)+gψ(z)
2ψ(z),
wheremcorrespondstotheatomicmass,ψ(z)thewave-functioninrealspace,µthechemical
potential,V(z)thetrappingpotentialalongthelongitudinalaxisandg= 4π2am ,withathescateringlength.ThecloudcorrespondsthentoaninvertedparabolawithradiR,alongthe
transversedirection,andL,alongtheverticalaxis,givenbytheequations
R= 2µmω2⊥
, (2.2a)
L= 2µmω2z
, (2.2b)
withthechemicalpotentialdeterminedthroughnormalisationofthewavefunction
µ= ω¯2
15Nata mω¯

2/5
(2.3)
whereω¯= ωzω2⊥
1/3andNatthetotalnumberofatoms.
2.2.3 Quasi-BECorBEC?
Insomecases,suchasinatom-chipexperiments[158]or2Dlaticepotentials[159]oreven
anisotropicdipoletraps[160],thetransverseconﬁnementcanbecomesostrongcompared
tothechemicalpotentialthatthesystemis“frozen”inthetransversedirectionandbehaves
asarealunidimensionalsystem.Inthis1Dcase,thetransverseproﬁleofthecloudcorre-
spondstothefundamentalsolutionoftheharmonicoscilator,whichisaGaussianofwidth√/2mω⊥,andthelongitudinalproﬁletoaparaboladeﬁnedbythe1Dchemicalpotential
µ1D= ω⊥√1+4an1D,withn1D=Nat/(2L)theone-1Ddensity,suchthat[161]
L= 2 ω⊥−µ1Dmω2z
. (2.4)
Inourcasethetransversetrappingfrequencyω⊥ismuchhigherthanthelongitudinalone,as
seensofar.Thisleadstoastrongertransverseconﬁnementthanlongitudinalandthequestion
isthentoknowhowtruly1Dthissystemis.
2Nevertheless,aswewilseeinSubsection2.2.4itisnowpossibletotunetheanisotropyofourcondensateand
toverifytheThomas–Fermiapproximation.Forthispurpose,weremindherethemostimportantresults.
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The3Dand1Dregimescanbediﬀerentiatedthroughtheparameter[161]
χ=N ωzaω⊥a⊥
wherea⊥,z= mω⊥,z. Whenχ 1,the3DThomas-Fermiapproximationisvalidwhilefor
χ 1thesystemisunidimensional.
Foracondensateobtainedintheverticaldipoletrapωz=2π×7Hz,ω⊥=2π×1275Hzand
Nat=3×104atoms,oneﬁndsavalueχ=0.88whichliesinbetweenthetwoscenarios.Forsuch
trappingpotential,thesystemisneitherfuly1Dnor3Dbutcorrespondstoanintermediate
regimewhichisexploredinRef.[64].
BEClengthandchemicalpotentialforboth3Dandquasi-1Dregime
InRef.[64]3,theauthorshowsthatfortheintermediatecasewhereχ≈1itispossibletoﬁnd
anapproximatesolutionwhichcanbeappliedtoboth3Dand1Dsituations.Themethodused
inthearticleconsists,viaalocaldensityapproximation,toassumeaGaussianshapeforthe
radialcomponentofthewavefunction,f⊥(ρ),whosewidth(w⊥)isavariationalparameterthat
veriﬁes
µl.e.=−
2
2m
∆⊥f⊥(ρ)
f⊥(ρ)
+12mω
2⊥ρ2+4π
2a
m n1D(z)f⊥(ρ)
2,
withµl.e.thelocalequilibriumchemicalpotentialandn1D(z)correspondstothe1D,integrated
overradialdegreesoffreedom,densityproﬁleofthecloud. Weconsiderasystemwherethe
longitudinalconﬁnementissuﬃcientlyweaktoneglectthedensityderivativesofn1Dandf⊥
asafunctionofz.
Thefolowingequalitiesarethenobtainedbydevelopingf⊥(ρ)totheﬁrstorderinw⊥,
w⊥[n1D(z)]=a⊥[1+4an1D(z)]1/4
and
µl.e.= ω⊥ 1+4an1D(z)
withthetotalchemicalpotentialµcorrespondingto
µ=µl.e.[n1D(z)]+V(z) (2.5)
whereVz=12mω2zz2isthetrappingpotentialalongthelongitudinalaxis.
Onecannowdeterminethecondensatelengths,itsdensityproﬁlealongthelongitudinal
axisandthechemicalpotential. Letusconsiderthecaseofz=Lwherethelocaldensity
n1D(L)=0andµl.e.= ω⊥,whichleadsto
µ= ω⊥+12mω
2zL2, (2.6)
andtothefolowingexpressionofL
L=a
2z
a⊥
√α
3Typosarepresentinthispaper.Theresultspresentedherecorrespondtoareviewedversionofthearticle.
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withα=2(µ/ω⊥−1).UsingbothEq.(2.5)andEq.(2.6),oneretrievesthelongitudinaldensity
proﬁle
n1D(z)= 1−z˜22α
2
16a+1−z˜
2 α
4a,
withz˜=z/L.Sincethetotalnumberofatomscorrespondstotheintegrationofn1D(z)
Nat=
L
−L
n1D(z)dz,
oneobtainsthefolowingequalityforthelengthofthecondensatealongthelongitudinalaxis
1
15γ(LG)
5+5(LG)3 =Nat (2.7)
withG=a⊥/a2zandγ=aa⊥/a2.
KnowingNatandthetrappingfrequenciesitisthenpossibletoextractthevalueofL.From
thatoneretrievesthevalueofthechemicalpotentialµ,viaEq.(2.6)aswelasthevalueofα.
TheGaussianwidthofthecondensate,forz=0,correspondsthento
w⊥(0)=a⊥[1+4an1D(0)]1/4 (2.8)
wheren1D(0)
n1D(0)= a⊥a2z
2
×L
2
4a
a⊥a2z
2
×L
2
4a+1
.
Quasi-condensateregime
ForanelongatedcondensatewithT=0K,thecloudexhibitsasuppressionofdensityﬂuctua-
tionsaswelasphaseﬂuctuations.However,asitwasshowninRef.[162],atﬁnitetemperatures
T,belowcriticaltemperatureTc≈N1/3 ω¯,excitationscanstilexist.Thelowenergyexcitations
contributetoaxialﬂuctuationsofthephase.InRef.[162]itisdiscussedthattheseexcitations
decreasewiththetemperatureandforsuﬃcientlylowvaluescomparedtoacriticalphase
ﬂuctuationtemperaturegivenby
Tφ=15(ωz)2 Nat32µkB, (2.9)
canbesafelyneglected.ThismeansthatfortemperaturesTaboveTφandbelowTc(Tc>T>Tφ)
evenifdensityﬂuctuationsaresuppressed,thephasecanstilﬂuctuate.Inthatsense,thesystem
doesnotreachtrueBEC,sincephaseﬂuctuationsarestilpresent.Thesystemistheninan
intermediatesituationoftencaledquasi-condensateincontrasttothe“real”condensateregime
(Tφ,Tc>T).
ForthecaseofaBECobtainedintheverticaldipoletrapalone(ωz=2π×7Hz,ω⊥ =
2π×1275HzandNat=3×104atoms),thephaseﬂuctuationtemperatureisequalto14nK
whichiswelbelowthecondensationtemperatureofTc≈600nKandbelowtheestimated
temperatureoftheresidualthermalcloudofT≈200nK.Asaconsequence,phaseﬂuctuations
arestilpresentwhichtranslatesaftertime-of-ﬂightintodensityﬂuctuations. Thisleadsto
phaseﬂuctuationsduringtheatomicpairproductionandinareducingcoherencelengthofthe
condensate.
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Figure2.11:Schematicrepresentationoftheopticalbenchforthehorizontalbeamtrap.Thelaserbeamissplitintwo
withonepartusedfortheverticaldipoletrapasdescribedinRef.[150]andtheotherinjectedintoapolarisation-maintaining
opticalﬁbersendingtheopticalpowertoanotheropticalbench.There,thebeamgoesthroughanacousto-opticmodulatorwhere
itisdiﬀractedtoorder+1withaneﬃciencyof90%.TheopticalpowerissetbyincreasingtheRFpowerattheacousto-optic
modulatorentrance.Thebeamisthensplitwith1%powersenttoaphotodiodeinordertolockthehorizontalbeamintensity.
Theotherpartisagaininjected.TheﬁnaloutputcouplercorrespondstoaF810APCfromThorlabscompanyleadingtoa
diameterbeamof7mm.Thebeamisthenfocusedbyafocuslensoff=400mmleadingtoawaistontheatomsof82µm.
2.2.4 Crosseddipoletrap:solutiontobothissues
InordertosolveboththearrivaltimeﬂuctuationoftheBECanditsphaseﬂuctuation,we
builtanewdipoletrap,ahorizontalone,crossedwiththeoriginalverticaltrapontheatoms.
Thehorizontallaserbeamisobtainedbysplitingtheoriginalverticaloneintwoindependent
opticalpathswithindependentacousto-optic modulatorsasrepresentedinFig.2.11. The
eﬀectivemaximumpowerontheatomsisequalto2 W.Almost90%ofthetotalpoweris
usedfortheverticaldipoletrapandaround10%tothehorizontaltrap.Arelativefrequency
diﬀerenceissetto80MHzbetweenthetwobeamsinordertoavoidlowfrequencymodulation
ofthetrapintensity4.
Onebeampropagatesalongtheverticalz−axiscorrespondingtothe“original”trapde-
scribedinRef.[150]andthesecondonthehorizontalplane,forminganangle8.6◦respectively
tothex−axisdeﬁnedbythemagnetictrap(seeFig.2.11andFig.2.12).Thetypicalopticalpower
attheendoftheevaporationis600mWfortheverticaltrapand30mWforthehorizontalone.
Withthenewcrosseddipoletrap,theverticalconﬁnementofthetrappingpotentialdoesno
longerdependontheverticalbeam.Thelongitudinaltrappingfrequencyisthenessentialy
givenbytheintensityofthehorizontalbeam.Thetotaltrappingpotentialcanthenbewriten
as
4Ifthemodulationintensityisclosetoatrappingfrequency,thisinducesparametricexcitationofthecloud.Since
thetypicalfrequenciesofourtrapisontheorderofthekHz,adetuningby80MHzbetweenbothtrappingbeams
guaranteethatweavoidtheresonance.
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Figure2.12:Schematicrepresentationofthecrosseddipoletrap.
Vopt(x,y,z)=Vvert.(x,y,z)+Vhor
Exp
−
2(y2+(z−z0)2)
w2hor xxhor
2
+1

x
xhor
2+1
, (2.10)
whereVvert.(x,y,z)isgivenbyEq.(2.1)and
Vhor=−3πc
2
2ω30
2Phor
πw2hor
Γ
ω0−ωdip+
Γ
ω0+ωdip ,
wherexhor= πw2hor λdipisthehorizontalbeamRayleighlengthandwhorthehorizontalbeam
radiuswaistat1/e2(seemoreinformationinAppendixB).
Arrivaltimeﬂuctuations
InFig.2.13a)thearrivaltimeﬂuctuationsbeforeaddingthehorizontaltrapisrepresented,
asdiscussedpreviously,whileinFig.2.13b)thesameanalysisisperformedforacondensate
obtainedinacrosseddipoletrap.
Onecanseethat,byaddingthehorizontaltrap,theﬂuctuationswerereducedtoaRMS
valueof0.04mswhichisveryclosetothetemporalresolutionofourdetector.Theaddition
ofthehorizontaltraphasprovedtoreducethearrivaltimeﬂuctuationsand,atthemoment,
theremainingﬂuctuationsare,inpractice,completelynegligible.Indeed,theﬂuctuationsare
muchsmalerthanthetime-of-ﬂightdistributionofacondensateobtainedinthecrosseddipole
trap(whichtrappingfrequenciesarediﬀerentfromtheoneoftheverticaltrap). Asingle
condensatearrivaltimedistributioncorrespondstoatypicalRMSvalueof0.5ms.Theresidual
ﬂuctuationsarethenatenthofthearrivaltimedistributionwidth.Formostofouranalysisno
selections,basedonthearrivaltime-of-ﬂight,arethennecessary.Thisdecreasessigniﬁcantly
theacquisitiontimeinordertoretrieveasatisfactorysignal-to-noiseratio.
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Figure2.13:CrosseddipoletrapeﬀectonthearrivaltimeﬂuctuationoftheBEC.a)Fluctuationsofthearrivaltime
distributionforaBECproducedintheverticaltrapalone.b)FluctuationsofthearrivaltimedistributionforaBECproduced
inthecrosseddipoletrap.Thenumberofﬁlesforb)isapproximativelyequaltothoseina).Onecansee,thatthecrosseddipole
trapleadstoareducedarrivaltimeﬂuctuations.
Obtainedcondensate:somenumbers
Withthetwoavailabletrappingbeams,itisnowpossibletoeasilytunethelongitudinal
frequencyfrom7to200Hzkeepingaconstanttransversefrequencyof1275Hz(seeSectionB.1
formoredetails).Theaspectratioofthecondensatecanthusbetunedbetween200to6.This
representsastrongimprovementintermsofcontrolandﬂexibilityofourexperiment.
Inthefolowingmanuscript,mostoftheresultscorrespondtoatrappingpotentialwith
frequenciesequaltoω⊥∼2π×1.275kHz,transversaly,andωz∼2π×93Hz,alongthevertical
direction. Weobtainacondensatewith4−7×104atomsinthemj=1sub-levelstate,where
theuncertaintyontheatomicpopulationcomesfromthedetectioneﬃciencyofourMCP.In
thiscase,asonecanseeinTable2.4,χismuchlargerthan1indicatingthatonehadreach
the3Dcondensationregime. Asdiscussedbefore,fortheverticaltrapalone,corresponding
toaverticalfrequencyequaltoωz=2π×7Hz,thevalueofχ=0.88andcorrespondstoan
intermediateregime.
ω⊥=2π×1275Hz
ωz=2π×7Hz ωz=2π×93Hz ωz=2π×170Hz
Nat=3×104 Nat=5×104 Nat=7×104
χ 0.88 19.47 49.82
Table2.4: Typicalvaluesofχfordiﬀerentopticaltrapsaccessibleinourexperimentalset-up.Bychangingthe
valueofωzitispossibletogofromthequasi-1Dregimeintodeep3D-regime.
Regardlessofthephaseﬂuctuations,onecannowseeinTable2.5thediﬀerentregimes
availablewiththisnewtrappingpotential. Forωz=2π×7Hz(caseoftheverticaltrap
alone)thesituationcorrespondstothequasi-condensateregimewhileforfrequenciesωz=
2π×(93,170)Hz,obtainedinthecrosseddipoletrap,werecovertherealcondensationregime
withTφ>Tc>T.
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ω⊥=2π×1275Hz
ω =2π×7Hz ω =2π×93Hz ω =2π×170Hz
Nat=3×104 Nat=5×104 Nat=7×104
Tφ(µK) 0.014 1.53 5.00
Tc(µK)≈ 0.330 0.600 1.00
T(µK)≈ 0.200
Table2.5:TypicalvaluesofTφ,TcandT.ScalingofthephaseﬂuctuationtemperatureTφfordiﬀerenttrappingpotential
conﬁgurationsandcomparisonwiththerespectivecondensationtemperaturesTcandresidualthermalcloudtemperatureT.
Fortrappingfrequenciesofωz>2π×93Hz,onedoesnotexpectanyphaseﬂuctuationsalongthecondensate.
Theadditionofthehorizontaldipoletrapalowedustoenterdeeplyintherealcondensate
regimeandtoavoidphaseﬂuctuationsinthecondensate.
Theseﬂuctuations,ifremaining,translateintodensityﬂuctuationsaftertime-of-ﬂight[163].
Bymeasuringthetwo-bodycorrelationfunction,onecanthenexperimentalyprobeiftheyare
stilpresentinthesystem.
Densityﬂuctuationsandautocorrelationmeasurement
Thelocaltwo-bodycorrelationcorrespondstotheprobabilityofdetectingaparticleatatime
intervalt+∆tknowingthatanotherparticlehasbeendetectedattimet.Foracondensate,the
normalisedsecondordercorrelationisﬂatandequalto1whichindicatesthesuppressionof
densityﬂuctuations. Ontheotherhand,ifthesecondorderautocorrelationpresentsavalue
superiorto1andstructures[142],thenonecanidentifydensityﬂuctuationsandlinkthisresult
tophaseﬂuctuations,asseeninRef.[164,165]anddiscussedinRef.[166].
Thesecond-orderautocorrelationfunctionisobtainedforthecondensateas[68]
g(2)(∆kz)=
Ω1
d∆kxd∆ky
ΩV
d3k :ˆn(k)ˆn(k+∆k):nˆ(k) nˆ(k+∆k),
g(2)(∆ky)=
Ω2
d∆kxd∆kz
ΩV
d3k :ˆn(k)ˆn(k+∆k):nˆ(k) nˆ(k+∆k), (2.11)
wherenˆisthenumberoperatorsuchthatNat(k)= n(k).ThevolumeΩ1isdeﬁnedbythe
boundaryconditions|∆kx|<3×10−2krec,|∆ky|<3×10−2krecandΩ2by|∆kx|<3×10−2krec,
|∆kz|<3×10−3krec.ΩVisthevolumecentredonthecloudwithahalf-widthat1/√ealongz
equalto0.1krecandnoconstraintinthexy−plane.
Itisfundamentaltoavoiddetectorsaturationinordertonotinﬂuencethedetectednumber
ofatoms. WethustransferasmalfractionoftheentireBECpopulationintoa magnetic
ﬁeldinsensitivesub-levelstate(mj=0)viatwo-photonRamanscatering(seeAppendixC
formoredetails). Astrongmagneticgradientisafterwardsappliedinordertogetridofthe
non-transferredatoms.
InFig.2.14werepresentthesecondordercorrelationfunctionasafunctionof∆k,forthe
caseofatrappingpotentialwithverticaltrappingfrequencyofωz=2π×93Hzandtransverse
frequencyω⊥=2π×1275Hz[68],witha)correspondingtoacutalongthez−axisandb)along
thetransversey−axis. Analmostﬂatdependenceofg(2)(k)asafunctionof∆kisrecovered.
Theincreaseofg(2)at∆k→ 0caneitherbeaccountedbysmalphaseﬂuctuationsinducedby
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Figure2.14:Autocorrelationfunctiong(2)oftheBEC.Condensateautocorrelationprojectiononthezandy−axis.An
almostﬂatdependenceofg(2)asafunctionof∆kisrecovered.
theresidualthermalﬂuctuationsofthecloudorduetoweakdetectorsaturation.Theobserved
correlationis,however,muchﬂaterthantheoneobservedinRef.[142]andwebelievethatthe
phaseﬂuctuationsinthecondensatearealmostnegligible.
2.2.5 Condensate:determinationofthechemicalpotentialandsize
Oncethetrapisswitchedoﬀthecondensateexpands[167]. Thesizeofthecloud,inboth
transverseandlongitudinalaxisatacertaintimetafterreleasedfromthetrap,isgivenbythe
folowingequations
R(t)=R(0) 1+(ω⊥t)2, (2.12a)
L(t)=L(0)1+ 2(ωzt)arctan[ωzt]−log 1+(ωzt)2 , (2.12b)
with = ωz(0)ω⊥(0).Forthetrappingfrequenciesunderconsideration,i.e.ωz=2π×93Hzandω⊥=2π×1275Hzoneﬁnds(throughtheThomas-Fermiapproximation)acondensateradius
ofL(0)=58µmalongtheverticaldirectionandR(0)=4.4µmtransversaly. Oneexpectsto
detect,after308mstime-of-ﬂight,acloudwithsizeequalto
L(tof)=1.25mm (2.13a)
and
R(tof)=1.08cm. (2.13b)
Onecouldthenpredictthechemicalpotentialofthecondensatebymeasuringthearrival
timedistributionofthecloudaftertime-of-ﬂight. However,thispredictionisnotdirectly
applicabletoourexperimentalsituation.Tworeasonsarebehindit:
•Theﬁrstreasonisthatthecondensatecorrespondstoaveryhighﬂuxofatomsresulting
inasaturationoftheMCP.Consequently,boththerealnumberofatomsandthesizeof
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Figure2.15:Time-of-ﬂightdensityproﬁleofaBEC.a)Cutofthedensityproﬁlealongtheverticalz−axis.b)Cutof
thedensityproﬁlealongthetransversex−axis.Thedensityproﬁlescorrespondtoanintegrationontheothertwoaxisof
[0.14×0.14](cm2)fortheverticalcutandof[0.14×0.03](cm2)forthetransversecut.Thebluelineindicates,inbothpanels,a
ﬁtingfunctioncorrespondingtoaparabolaplusGaussianfunction.Theorangedashedlinerepresentstheestimatedparabolic
shapeaftertime-of-ﬂightobtainedbyEq.(2.13).
thecloudaftertime-of-ﬂightareblurred.This,however,canbeavoidedbytransferringa
smalfractionofthecondensateintotheinsensitivesub-levelstatemj=0viastimulated
two-photonRamanscateringevent(seeAppendixCformoredetails)andtopushthe
remainingatomsthroughamagneticﬁeldgradient;
•Thesecondreasonislinkedtothesolutionoftheﬁrstone.Ifthecloudistransferredtothe
sub-levelmj=0afterbeingreleasedfromthetrapthescateringlengthchangesbetween
≈7to≈5nm.Sincethisisdonejustafterreleasingthecloudfromthetrappingpotential,
thechangeontheinteractionpotentialisnotnegligible.Theexpansionofthecloudis
thusmodiﬁedinanon-trivialwayand,asaconsequence,theresultfromRef.[167]can
notbedirectlyapplied.Thesolutionwouldthenconsistintransferringtheatomsafter
afewhundredsofmicrosecondsofexpansion.Atthistimetheinteractionpotentialhas
reducedsuﬃcientlytobenegligibleandachangeonthescateringlengthwilnotchange
theBECexpansion. Nevertheless,thisimpliesthatduringtheinitialexpansion,with
theatomsstilinthemj=1stateandthussensitivetoanyresidualmagneticﬁeld,the
expansionofthecloudcanalsobemodiﬁed.Atthemomentthiseﬀecthasnotbeenyet
calibratedexperimentaly.
Experimentaly,weweaklytransfertheBECintothestatemj=0justafterturningoﬀthe
trappingpotentialtoavoiddetectorsaturation. Althoughtheexpansionevolutiondescribed
byEq.(2.12)doesnotstrictlyapply,onecancompareroughlytheexperimentalresulttothe
theoreticalpredictions.Forthispurposeweperformcutsalongbothlongitudinalandtransverse
densityproﬁleaftertime-of-ﬂightasrepresentedinFig.2.15a)andb),respectively.
ThearrivaltimedistributionisﬁtedonbothdirectionsbyaparabolicfunctionplusGaussian,
representedbythebluelineinbothpanels,inordertoaccountforthecontributionofaresidual
thermalcloud. Theexperimentalradiusisextractedforbothlongitudinal,Lexp=1.3mm,
andtransversedirections,Rexp=0.97cm.ComparedtothevaluesofEq.(2.13),onecansee
thattheexperimentalresultisingoodagreementwiththepredictions.Tohaveamorevisual
comparison,thedensityproﬁlegivenbyEq.(2.12a)andEq.(2.12b)arerepresentedbyanorange
dashedlineFig.2.15.
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Figure2.16:DeterminationofthenumberofatomsinsidetheBEC.a)Typicaldistributionalongtheverticalaxis
forthecondensateobtainedinthecrossed-dipoletrap.Thetotalnumberofdetectedatomsisaround1500.b)Arrivaltime
distributionofthecondensateafterapplicationofa1Dverticalmovinglaticewithspeedequalto9.3cm/s5anddepthequalsto
2Erecappliedfor200µsinsidethecrosseddipoletrap.Thecondensateisthenwidelyenlargedalongtheverticaldirection(the
distributiongoesfromawidthofapproximatively0.05vrecina)to2vrecinb)althoughitstransverseproﬁledoesnotchange
much,guaranteeingthataltheatomsfalonthedetector.Thenumberofdetectedatomsincreasesthenalmostbyafactor10
revealingthesaturationeﬀect.
Wethusconcludethattransferringtheatomsinthestatemj=0immediatelyafterreleasing
theBECfromthetrapdoesnotchangesigniﬁcantlytheexpansionofthecloud.Nevertheless,
thismeasurementisnotsuﬃcientlyprecisetoquantitativelydeterminetheinitialBECsize
andchemicalpotential. Thesolutionisthentodeterminetherealnumberofatomsinside
thecondensate,thetrappingfrequenciesandapplythepredictionsgivenbyEq.(2.12a)and
Eq.(2.12b).
Determinationofthetotalnumberofatoms
ToavoidsaturationontheMCPandanerroneousdeterminationofthenumberofatomsin
theBEC,onesolutionconsistsinenlargingthearrivaltimedistribution. Bydoingso,the
arrivalﬂuxlowersandonecan,takingintoaccountthedetectioneﬃciencyoftheMCP,retrieve
thetotalnumberofatoms.Inordertodoso,adeepmovingopticallaticeisappliedtothe
condensate.Theatomsarethendiﬀractedintodiﬀerentclassesofmomenta(seeSection3.4).
ThisisrepresentedinFig.2.16wheretheleftpanelcorrespondstoasaturateddetectionof
thecondensateandtherightpaneltothearrivaltimedistributionafterapplicationofthe
latice.ThenumberofdetectedatomsisstronglyenhancedgoingfromNdet≈1500atomsto
Ndet≈10000atomswhichilustratethesaturationeﬀect.
Fromourdetectioneﬃciencyestimation(atleast25(5)%)weretrieveatotalnumberofatoms
around5×104atoms.However,thedetectioneﬃciencyuncertaintyleadstoanuncertaintyin
thetotalnumberofatomswhichisnotnegligible.
4ThecondensateisthenatresonancewiththeBraggdiﬀractioncondition,seeSection4.1.
56
Bose–EinsteincondensateofmetastableHelium
Nu
mb
.
at.
(u.
a.)
ωmod (Hz)
Wid
th
of
dis
tri
bu
tio
n(
ms)
0.0
0.4
0.8
1000 2000 3000
0.0
1.0
2.0
1000 2000 3000
Figure2.17:Experimentalmeasurementofthetransversefrequenciesofthedipoletrap.Theopticalintensityofthe
dipoletrapbeamsismodulatedbetween1kHzand3kHz.Tworesonancesarevisiblecorrespondingthedipoleresonanceofthe
trapatω⊥/2πandthequadrupoleresonanceat2×ω⊥/2π.Thevalueofω⊥/2π=1275(8)Hzisingoodagreementwiththe
theoreticalpredictionsofω⊥/2π=1258Hzobtainedforaverticalbeamwaistof43µm.
Trappingfrequencies
Inordertoexperimentalyprobethetrappingfrequencies,oneneedstodecoupletransverse
andlongitudinaldirections.ForthecaseofanidealBosegaswithoutinteractionstheﬁrst
quadrupoleoscilationisexpectedtooccurattwicethetrappingfrequency[168,169].Inthe
caseofaveryelongatedBEChowever,theﬁrstresonancesareexpectedatω=√5/2ωzand
ω=2ω⊥[168].
Transversedirection
Toprobethetransversefrequency,theverticalbeamintensityismodulated,atatunablefre-
quencyωmod. Whenonemodulatesthetrapatafrequencyclosetotheresonancefrequency,
thecloudheatsandeventualyexplodesdependingoftheamplitudeofthemodulation. When
themodulationfrequencyisfarfromtheresonancecondition,onerecoversaftertime-of-ﬂight,
anarrivaltimedistributionverysharpcorrespondingtotheunperturbedcoldatomiccloud.
Whenonegetsclosertotheresonancecondition,thedistributiongetslargerandthenumber
ofdetectedatomswitharrivaltimeclosetot0lowers.Bylookingatboththecentralnumber
ofdetectedatomsandwidthofthedistribution,onecanidentifytheresonantfrequency.The
modulationfrequencyistunedfrom1kHzto3kHzandthenumberofatomsdetectedina
smalvolumearoundt0givenby
Nat(0)=
∞
−∞
∞
−∞
dxdy
t0+σt
t0−σt
dtnx,y,t,
withntheatomicdensityofthedetectedcloud,ismeasuredasafunctionofωmodasrepresented
inFig.2.17.Asacomplementarymeasurement,thearrivaltimedistributionwidthisextracted
fromaGaussianﬁtandrepresentedasafunctionofωmodinFig.2.17(inset).
Tworesonances,theﬁrstoneatωmod =2π×1275(8)Hzandthesecondatωmod =2π×
2542(15)Hz,arevisible. Whilethesecondresonanceisclearlynoticeableforbothquantities,
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theﬁrstoneisonlydiscernibleintheanalysisofthewidthdistribution. Weatributethesecond
resonanceto2ω⊥,whichagreeswiththetheoreticalprediction(ω⊥=2π×1258Hz)foranoptical
powerequaltoPhor=30mW,Pvert=585mWandwaistsof43µmand82µmforthevertical
andhorizontalbeamsrespectively.Theﬁrstresonancecorrespondstoresidualheatingdueto
dipoleoscilationsatω⊥.Thetransverseresonancehasalsobeencheckedforotherspowerof
theverticalbeam.Inalscenarios,thetheoreticalpredictionisalwaysclosetotheexperimental
resultwhichconﬁrmsourestimationoftheverticalwaist.
Longitudinaldirection
Theadditionofthehorizontalbeamismainlygoingtoaﬀecttheverticaltrapconﬁnement.In
thecrosseddipoletrap,thefrequencyalongthez−axiscaneasilybetunedfromafewHzto
afewhundredsofHzbychangingthehorizontalbeampower. Althoughthesameanalysis,
asforthetransversefrequency,couldbecarriedout,thiswouldcorrespondtoaverylong
modulationtimeinordertoprobeafewHzofconﬁnement.Forthisreason,wedecidedto
determinethelongitudinalfrequencyfromdirectobservationofthecloudoscilationinthe
dipoletrap.
Thisisperformedbygivinganinitialvelocity(viaBraggdiﬀraction,seeSubsection4.1),
alongtheverticaldirection,tothecondensate.TheBECisthenkeptinsidethetrapforacertain
holdingtime,thold.Forsmalenoughvelocitiesanddeeptraps,thetrappingpotentialcanbe
approximatebyanharmonicpotential.TheBECspeedoscilatesintime,withfrequencyequal
tothelongitudinaltrappingfrequency.Thisoscilationisrecoveredbyswitchingoﬀthetrap
atdiﬀerentholdingtimes.Afteraverylongtime-of-ﬂight,onehasaccesstotheinitialspeed
ofthecondensateattheinstantthetraphasbeenswitchedoﬀ
Sp
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Figure2.18:VerticaloscilationoftheBECinthecrosseddipoletrap.Oscilationofthecentralarrivaltime,after
time-of-ﬂight,ofacondensateasafunctionoftheholdingtimeinthecrosseddipoletrap.Thearrivaltimeoscilationcorresponds
tothevelocityoscilationofthecloudinsidethedipoletrap.Thefrequencycorrespondstotheverticaltrappingfrequency.
Fig.2.18showsthisoscilationforthecaseofahorizontalbeampowerPhor=110mW.The
trappingpotentialpresentsafrequencyequaltoωz=2π×210(1)Hzalongthelongitudinal
axiswithasmalatenuationduetoatomlosses. Forahorizontalbeampowerof30mW,
whichisthetypicalvalueinmostofourexperiments,thefrequencyoscilationisthenequalto
ωz=2π×93(4)Hz.
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TypicalBEC-sizedetermination
InTable2.6thediﬀerentpossibleconﬁgurationsoftheexperimentandthecharacteristicvalues
ofthecondensatefolowingbothRef.[64](1D–3Dintermediateregime)andtheThomas–Fermi
approximationaresummarised.InTable2.6,Lstandsfortheradiusoftheparabolaalongthe
longitudinallongaxisofthecondensate,Rthetransverseparabolicradiusaccordingtothe
Thomas–Fermiapproximationandw⊥(0)tothecentraltransverseradiusaccordingtoRef.[64].
ω⊥=2π×1275Hz
ω =2π×7Hz ω =2π×93Hz ω =2π×170Hz
Nat=3×104 Nat=5×104 Nat=7×104
Ref.[64] L(µm) 323 55.00 37.00
(1D-3Dcrossover w⊥(0)(µm) 2.28 3.45 3.86
description) µ2π(kHz) 2.29 6.36 9.12
Thomas-Fermi L(µm) 430 60.05 39.64
approximation R(µm) 2.36 4.40 5.30
µ
2π(kHz) 1.79 6.18 8.99
Table2.6: Typicalvaluesofµ,L,Randw⊥(0).Summaryofthediﬀerentaccessiblevaluesofthechemicalpotentialµ,
verticalradiusofthecondensateLandtransverseradiusRaccordingtotheThomas–Fermiapproximation.Comparisonof
thosevalueswiththeonesobtainedfolowingRef.[64],withw⊥(0)correspondingtotheGaussianwidthofthecondensateat
z=0.
2.3 Conclusion
Wehaveshownthatseveralexperimentallimitationshavebeensolvedwiththeconstruction
ofacrosseddipoletrap. Wehadinmindwiththismodiﬁcationtoincreasethestabilityof
theexperimentandtosimplifythecomprehensionofourresults.Thearrivaltimeﬂuctuation
hasbeenstronglyreducedavoidingustoperformcomplexanalysis. Namely,sincenopost-
selectionisneededthisimpliesamoreeﬀectiveuseofthedataacquired.Thistranslates,forthe
samesignal-to-noiseratio,inareducedacquisitiontime6.Itwasalsoshownthatitispossible
totuneourchemicalpotentialandtrappingfrequenciessuchthatonecaneasilychoosethe
conﬁgurationoftheobtainedBEC.
6Togiveanorderofmagnitudealmosthalfoftherealisationswerenotusedafterpost-selectionduetoarrival
timeﬂuctuations.Thusthearrivaltimeﬂuctuationsmadetheexperimentalcycle,inpractise,twicelonger.
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ExperimentalrequisitestowardstheHOMexperiment:atomicpairproduction
ThenextexperimentalsteprequiredfortherealisationoftheatomicHOMexperimentis
thecreationandmanipulationofatomicpairs.Thisisachievedthroughthemanipulationof
opticalperiodicpotentialscreatedbythesuperpositionoflaserbeams.
Abrieftheoreticaldescriptionofweakperiodicopticalpotentialappliedtocoldatomsis
performedinSection3.1withemphasisontheappearanceofanenergybandstructure.In
Section3.2,basedonthedescriptionofdynamicalinstabilities,thetheorybehindtheatomic
paircreationmechanismisdiscussedandisfolowedbythedescriptionoftheexperimental
realisationinSection3.3.ThedetailedanalysisoftheproducedstateisperformedinSection3.4
andasummaryofthemostimportantresultsgiveninSection3.5.
3.1 Theoryofshalowopticalperiodicpotentials
Inthissection,thebasictoolstounderstandthedynamicsofatomsinthepresenceofan
opticallaticearesummarisedfolowingcloselyRefs.[170–172].Thetheoreticalbackground
hasmainlybeendevelopedincondensedmaterwheretheelectronsliveinaperiodicpotential
createdbythecrystalinestructureoftheatomsormolecules.Forcoldatoms,theanalogyis
almostdirectlyapplicable,sincethelight,withperiodicspatialmodulation,induces,viadipole
interaction,aperiodicpotentialseenbytheatoms.
3.1.1 Formationofaperiodicpotential
Theinduceddipoleproducedbytheelectromagneticﬁeldleadstothepotential[172]
Vlat(r)= Γ
2I(r)
8Isat ij
d2ij
∆ij (3.1)
where∆ijdenotesthedetuningbetweenthelaserfrequencyandthetransitioni→ j,Γ−1
thelifetimeoftheexcitedstate,Isatthesaturationintensityanddijthespeciﬁclinestrength
associatedtothedipolematrixelementbetweenlevelsiandj
µij= ei|ˆµ|gj=dij|ˆµ|,
withµˆ=e·r,representingtheelectricdipoleoperator.Therotatingwaveapproximationhas
beenappliedinEq.(3.1)sincethelaserwavelengthforthelatice(λlat=1064nm)issimilarto
theatomictransitionwavelength(λ0=1083nm)[151].
Inordertocreateaneﬀectiveopticallatice,thatis,aperiodicpotentialinspace,itis
necessarytoperformaspatialmodulationofthelightintensity.Thisisdonebytheinterference
oftwolaserbeamspropagatingwitharelativeangle2θ,withsamewavenumber2π/λlatand
polarisation,andwithfrequenciesω1,ω2asrepresentedinFig.3.1.Thetotalelectromagnetic
ﬁeldcanbewritenas
ET(z)=E1expiklatz+arctan(θ)klatx−ω1t+φ1
+E2expi−klatz+arctan(θ)klatx−ω2t+φ2
withI0=|E0|2andklat=sin(θ)2π/λlat.Forsimplicity,theamplitudeofthetwoelectromagnetic
ﬁeldsareassumedequalE1=E2=E0andthephasediﬀerence,∆φ=φ2−φ1,constantover
time.Theintensityproﬁlecorrespondsto
I(z)=4I0sin2klatz+(ω2−ω1)t2 (3.2)
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Figure3.1:Schematicrepresentationoftheopticallattice.Alaserbeam,caled2,withfrequencyω2andintensityI2
comingfromthetopinterfereswithalaserbeam,caled1,withfrequencyω1andintensityI1givingraisetoaperiodicintensity
modulationintheoverlappingzoneofthetwolaserbeams.
andthelaticeperiodicityisequaltoalat=λ/(2sin(θ).
Twopossiblesituationscanoccur,eitherω2=ω1andtheopticallaticeisstationary,or
ω2 ω1andthelaticemoveswithavelocitydeﬁnedalongtheverticaldirection(inthepicture
z−direction)by
vlat=−(ω2−ω1)2klat =
δlat
2klat. (3.3)
Inbothsituations,theperiodicpotential,inthelaticeframeofreference,correspondsto
Vlat(z)=V0sin2(klatz) (3.4)
with
V0=− Γ
2I0
(2Isat∆lat),
where∆lat=2πc 1λ0− 1λlat.
Inthelaboratoryframeofreference,theatomsareatrestandthelaticemoveswithaspeed
givenbyEq.(3.3).Therefore,inthelaticeframeofreferencethiscorrespondstoatomsmoving
withthesamespeedbutinoppositedirection.
3.1.2 Energybandstructureinthepresenceofalatice
TheBECcorrespondstoaveryelongatedcloudofatomswithlongaxisalongthevertical
direction.Theopticallaticeisalsoalignedalongtheverticaldirectionandthusthesystemin
whichthedynamicstakesplaceisalmostunidimensional.The1DSchrödingerequationforan
atominsuchasystemcanbewritenas1
Hψn,q(z)= −
2
2m
∂2
∂z2+Vlat(z)ψn,q(z)=En,qψn,q(z) (3.5)
1Sincetheatomsareweaklyconﬁnedalongtheverticaldirection,theopticaldipoletrappotentialisnottaken
intoaccount.
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Figure3.2:EnergybandsasafunctionofthelatticedepthV0.Energybandstructurefora)V0=0.8Elatandb)
V0=4.0Elat,whereinbluewerepresentthelowerenergyband.Increasingthelaticedepthincreasestheenergygapbetween
thelowerenergybandandthesecond.TherecoilenergyofthelaticeisequaltoElat=
2k2lat
2m .
whosesolutionscorrespondtoBlochwavefunctions[170–172]thatcanbedecomposedtoplane
wavesofmomentaq+2mklat[173],
|ψn,q =
∞
m=−∞
an,m(q)|φq+2mklat, (3.6)
wherenstandsforthebandenergylevel,qforthequasi-momentumassociatedtotheBloch
functionandklatisthelaticeperiodicityinreciprocalspace.Thecoeﬃcientsan,m(q)correspond
totheprojectionoftheBlochwavefunctionofenergyEn,qontheplanewave|φq+2mklat.
SubstitutingEq.(3.6)inEq.(3.5),oneﬁnds

2q+2mklat2
2m +
V0
2
an,m(q)−V04 an,m+1(q)+an,m−1(q)=En,qan,m(q). (3.7)
Duetothepotentialperiodicityonlytheﬁrstneighbourscomponentsm+1andm−1contribute
tothesolutionoftheparticlewithquasi-momentumq.Solvingthesecoupledequationsis
equivalenttothediagonalisationofam×mmatrix.Theeigenvaluescorrespondtotheenergy
bandsEn,q,representedinFig.3.2intheﬁrstBrilouinzonewithnequalto0,1and2.
Thedispersionrelationofanatominaperiodicpotentialisnolongerquadraticalydependent
onthemomentumk,asitisthecaseinfreespace,evenforweaklaticedepths.
3.1.3 Adiabaticloading
Foratomicpaircreation,itisnecessarytoavoidBraggdiﬀraction,seeChapter4,orany
secondaryeﬀectthatcouldinducelossesornoiseinoneofthetwoatomicbeamsformingthe
pair[174,175].ForthispurposeonehastoadiabaticalyloadtheBECinthelaticesuchthat
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theprojectionofthestateinBlochwaveshasonlyanon-vanishingweightinthelowestenergy
band.Theadiabaticconditionreads[176]
ψn,q|∂H∂t|ψ0,q
En,q(t)−E0,q(t)2, (3.8)
wherethelefttermisalwayssmalerthandV(t)dt [173,176,177].
Inashalowlatice,wherethebandgapissmal,theenergydiﬀerencereducesto
∆E(q,t)=E1,q(t)−E0,q(t).
Asanexample,letuslookatthesituationdepictedinFig.3.3correspondingtoalinearrampof
thelaticedepthbetweenV(t=0)=0andV(t=T)=V0.Theinequalitycanthenberewriten
as
V0
T∆E2(q,t) 1. (3.9)
Thediﬀerenceofenergybetweenthetwobandlevelsforanatomwithquasi-momentumq
dependsonthelaticedepth.Sincethelaticedepthchangesintime,itisthennecessaryto
ensurethatfortheentiredurationoftheloading,theinequalityEq.(3.9)holds[178].
Forthecaseofanatomatrestinthelaticeframeofreference(q=0),theenergydiﬀerence,
∆E2(0,t),islargerthan16E2lat[173,177,179]andEq.(3.9)simpliﬁesto
V0
T 16E
2
lat.
ForHelium4atoms,duetothelowatomicmass,thisiseasilyveriﬁedsincetherecoilenergy
isverylarge.
Considerthecaseoftheatomicpaircreationwherethelaticedepthistypicalyequalto
V0=0.8Elat.Foranatomatrestinthelaticeframeofreference,theadiabaticconditionisthen
equalto
T 0.816Elat 180ns.
Thetypicallaticerisetime,forasuddenloading,isaround200ns.Consequentlyanatomat
rest,eveninthissituation,wilnotbediﬀracted.
However,toproduceatomicpairsinthe1Dopticallatice,theBECneedstobeloadedwith
aquasi-momentumhigherthan0.5klatinthelaticeframeofreference(thiswilbediscussed
inSection3.2).Thetimenecessarytoverifyadiabaticloadingwilthenbediﬀerent.Forthe
experimentaldatashowninthismanuscript,theBECisloadedat-0.57klat,inthelaticeframe
ofreference,andoneofthetwocloudsformingthepairhasaquasi-momentumclosetothe
1stBrilouinzoneboundary.FortheBEC,themaininterestistoavoiddiﬀractionduringthe
loadingofthelaticeaswelasduringitsextinction.Fortheatomicpairsonlywhathappens
atthemomentthelaticeisturnedoﬀneedstobeconsidered(beforetherearenopairs)2.
Theadiabaticthresholdconditioncorrespondsthento
V0
T∆E2(q,t)=1. (3.10)
2Thepresenceofscateringprocessesduringtheextinctionofthelaticewouldresultinlossesofatomsfromthe
pairs.Thisgivesusanideawhyitissoimportanttoverifytheadiabaticcriterion.
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Figure3.3:Adiabaticloadingconditionsfordiﬀerentlatticedepths,V0,andquasi-momenta,q0.Thelaticedepth
isrampedonlinearlyasrepresentinthetoppanel.AdiabaticthresholdfordiﬀerentlaticedepthV0(V0=0.8Elatfora)andb)
;V0=4.0Elatforc)andd)anddiﬀerentquasi-momentumq0(q0=−0.57klatfora)andc);q0=−0.9klatforb)andd).The
loadingcriterioncorrespondsfor:a)T 1.0µs,b)T 20µs,c)T 5µs,d)T 100µs.
InFig.3.3,werepresenttheadiabaticthresholdconditiongivenbyEq.(3.10)asafunctionofT
atthebeginningoftheloading.Foralinearramp,thiscorrespondstothecriticalsituation,since
thegapbetweenthetwoenergybandisatitsminimum.Theresultfortwodiﬀerentmaximum
laticedepths(V0=0.8Elat,Fig.3.3a),b)andV0=4.0Elat,Fig.3.3c),d)andtwoquasi-momenta
(q0=0.57klat,Fig.3.3a),c)andq0=0.9klat,Fig.3.3b),d)arecompared.Theadiabaticcriterion
isrepresentedwithadashedline.Asexpected,fordeeperlaticestheadiabaticcriterionimplies
longerloadingtimes.Inthesameway,whentheatomreachestheborderoftheBrilouinzone,
ithasahigherprobabilitytransferand,asaconsequence,theadiabaticcriterionissatisﬁedfor
slowerloadingfunctions.
InthecaseofalaticedepthequaltoV0=0.8Elat,theloadingofthecondensatewith
quasi-momentumq0=−0.57klatrequiresalinearrampdurationT 1.0µsinordertofulﬁl
theadiabaticcriterion.Foranatom(oneofthetwoatomsformingapairforinstance)with
quasi-momentumq=0.9qlat,theloading/extinctioncriterionrequiresT 20µs.Pleasenote
thatforshalowlaticepotentials,asinourcase,thelinearrampissuﬃcienttoeasilysatisfythe
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adiabaticcriterionand,asaconsequence,wasusedintheexperimentalrealisation.However,
suchasimplerampdoesnotcorrespondtotheoptimisedloadingprocedure,whereonewould
ratherhaveasmootherincreaseofthelaticedepthovertime3[178,180,181].
3.1.4 Spontaneousemission
Duringtheloadingprocess,heatingcanalsoinducelosses.IthasbeenshowninRef.[142]that
heating,inourexperimentalset-up,ismostlyduetothespontaneousemissionrateinducedby
thelatice.Foronebeam,thespontaneousemissionrateisgivenby[151,182]
Γsp.,1beam=Γ2
s
s+1+(2∆lat/Γ)2
(3.11)
withs=I0/Isat.Thiscanbesimpliﬁed,forthecaseofshalowlatices(s 1),into
Γsp.,1beam≈ Γ2∆latV0=
Γ3P0
πIsw2lat∆2lat
(3.12)
whereΓ=2π×1.62MHzcorrespondstotheradiativedecayrateofthetransition,wlat=200µm
correspondstothewaistofthelaticebeamontheatomsand∆lat=2π×c 1λlat−1λ0 tothedetuning. Forapowerof13mW,correspondingtothecaseofV0=0.8Elat,weﬁnd
Γsp.1beam=0.018s−1.Thisleadstoaheatingof[151,183]
dE
dt=2×Γsp.×Erec=72nK·s
−1.
Forourtypicallaticeduration,around1ms,thishasanegligibleeﬀectandjustiﬁestheuseof
alaserwavelengthλlat=1064nmwithadetuningapproximativelyequalto∆lat≈2π×5THz,
suﬃcientlylargetoavoidspontaneousemission.
3.1.5 Instabilitiesinthepresenceofalatice
Instabilitiescanariseevenifthecloudisadiabaticalyloaded.Theseoccurwhenthecondensate
isnotatrestinthelaticeframeofreference[184,185]. Weemphasiseheretwoinstabilities:the
energeticinstabilityandthedynamicalinstability.
•Theenergeticinstabilityisastaticinstability,thatis,theperturbationdoesnotgrowin
time.Itcorrespondstoasaddlepointintheminimisationofthefunctionalenergyandit
occurswhenaBECmovesrespectivelytoanimpurity(athermalatomforinstance[186])
withaspeedhigherthanthespeedofsoundinthecondensate[187–190].
•Thedynamicalinstabilitycorrespondstotheexistenceofanimaginaryeigenvalueofthe
Hamiltonianatagivenq,inthelaticeframeofreference,implyingthatthepopulation
atqgrowsexponentialyovertime.ThisinstabilitywaswidelystudiedinRefs.[154,191,
192]anditsapplicationswerealsotreatedinRefs.[105,155]whereitwaspointedoutthat
themechanismbehinditispairwise,thatis,thegrowthofpopulationatqislinkedtoan
increasedpopulationat−q.Itisimportanttonotethatinthecaseofdynamicalinstabilities,
3InRef.[178],theoptimisedexpressionforthelaticeloadingisgivenandcorrespondsto
V(t)= Vmax1+exp−αt/τramp
whereαandτrampareadjustableparameters.
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atomswithquasi-momentaqand−q(theatomicpairs)arepresentinthecondensate.If
thepairshaveaspeedhigherthanthespeedofsound,energeticinstabilitiescanalsotake
place.Thusthesystem,whichisinitialydynamicalyunstable,alsobecomesenergeticaly
unstableleadingtosecondordereﬀectsbothonthedistributionofthepairsandonthe
temperatureoftheBEC.
3.2 Dynamicalinstability:paircreation
Thefundamentalmechanismbehindtheatomicpairproductioninourexperimentalset-upis
thedynamicalinstability[188,193,194].Thiscanbeviewedasafour-wavemixingprocess,in
thesensethat,apairofatomsiscoherentlytransferredfromaninitialmomentumstatek0,in
thelaboratoryframeofreference,totwonewmomentastateskaandkbformingapair.
Four-wavemixing
Themechanismisinspiredfromnon-linearoptics,whereacoherentbeampassingthrougha
non-linearmediumleadstothecreationofapairofphotonsverifyingmomentumandenergy
conservation.
TheHamiltoniandescribingthisprocessisgivenby
HˆFWM=
j=p1,p2,s,i
hνjnˆj+1 + κaˆp1aˆp2aˆ†sˆa†i+h.c., (3.13)
wherep1,p2arethetwophotonspumps,thatcanbeidentical,ands,iarethesignalandidler
photonsproducedbythenon-linearresponseofthenon-linearmediumandnˆjthenumber
operator.Theconservationofenergyandmomentumimpliesthat
kp1+kp2=ks+ki, (3.14a)
νp1+νp2=νs+νi. (3.14b)
Whenthepumpisweaklydepleted,theoperatorsofthepumpbeamscanbereplacedby
numbers,Np1andNp2,respectively,andEq.(3.13)canbere-writenas
HˆFWM=Hˆ0+ κ Np1 Np2 aˆ†sˆa†i+c.c.
withHˆ0= j=p1,p2,s,ihνjnˆj+1.Thiscorrespondstotheparametricdown-conversionHamil-tonianwhichisoftenusedinquantumoptics[13,86]. However,sincethephase-matching
conditionscanbeveriﬁedbyseveralsets{sl,il}ofphotonpairs,theHamiltoniancanbewriten
moregeneralyas
HˆFWM=
l
Hˆ0,l+
l
κ Np1 Np2 aˆ†s,lˆa†i,l+c.c.
leadingtothestate
|ψ(t)=e−iˆHFWMt/|0, (3.15)
72
Dynamicalinstability:paircreation
thatcorrespondstoasuperpositionoftwin-Fockstateswith1,2,3,...pairsineachdistinct
model.Inquantumoptics,itisusualtoﬁlteronlytwomodes.Thewave-functionisthengiven
by
|ψ =
n
tanh(λ)n
cosh(λ)|n,ns,i, (3.16)
where|n,ns,icorrespondstoastatewithnparticlesinthesignalandidlermode,andλis
relatedtotheaveragedpopulation
n=sinh2(λ).
Withatomsthesamephysicsapply[195]. Thenon-linearitiesarethencomingfromthe
interactionbetweenatomsandtheHamiltoniancanbewritenas
HˆFWM= drˆψ(r,t)†−
2∇
2m+V(r,t)ψˆ(r,t)+
g
2 drˆψ(r,t)
†ψˆ(r,t)†ψˆ(r,t)ˆψ(r,t), (3.17)
withg=4π2am andathescateringlength.Theﬁeldoperatorψˆ(r,t)isdecomposedinthreeterms:thepumpﬁeldp,theidler(i)andsignal(s),
ψˆ(r,t)=Φp(r,t)ˆap+Φs(r,t)ˆas+Φi(r,t)ˆai.
Thisalowsonetore-writetheinteractingcomponentoftheHamiltonianasasumofseveral
terms.Mostofthemarenon-resonanttermssincetheydonotconserveenergyandmomentum.
Theresonanttermthatconservesbothquantitiescanbewritenas
Hˆ(int)FWM=2g drΦp2Φ∗sΦ∗iaˆ†iˆa†sˆa2p+h.c.,
whichisequivalenttotheinteractiontermobtainedinEq.(3.13).ThisinteractionHamiltonian
describesthecoherenttransferoftwoatomsfromtheBECtotwonewmomenta.Fromnow
on,thetermidlerandsignalwilbereplacedbyaandb.
Theconservationofbothmomentumvectorandenergyoftheprocessleadstothefolowing
phase-matchingconditions
2k0=ka+kb (3.18a)
2E0=Ea+Eb, (3.18b)
wherek0andE0stand,respectively,forthemomentumandenergyofthecondensate.
Theseconditionscannotbefulﬁledinfree-spaceforanyvaluesofk0sincethedispersion
relationisquadratic. Whenanopticallaticepotentialisadded,theenergydispersionrelation
becomesperiodicandthephase-matchingconditionscanbeveriﬁed.
Forsimplicity,insteadoftalkingaboutatomicpairs,sinceseveralpairscanbecreatedatthe
sametime,thetermatomicbeamswilbeoftenused.Twocloudofatomsarethengenerated.
Theonewithmomentum,inthelaboratoryframeofreference,closesttotheBECwilbecaled
beamaandthesecond,beamb.
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Figure3.4:Schematicrepresentationofphase-matchingconditionsforthepaircreationprocess.Twoatomsfrom
thecondensateq0(bluecircles)arescateredintothequasi-momentaqa(redcircles)andqb+2klat(lightbluecirclesforqband
qb+2klat)suchthatbothenergyandmomentumconservationarefulﬁled.
3.2.1 Determinationofthephase-matchingconditions
Theatomicpaircreationtakesplaceinthedipoletrapwhosetransversefrequenciesaremuch
largerthanthelongitudinalfrequencyand,assaidpreviously,thesystemcanbeapproxima-
tivelydescribedas1D.Moreinformationonthissubjectandthevalidityofthisapproximation
canbefoundinRef.[141],page77.
Therefore,onecanwritethephase-matchingconditionsofthe1Dsystemalongthelongitu-
dinalz−axisas
2E(q0)=E(qa)+E(qb), (3.19a)
2qz,0=qz,a+qz,b[2klat]4 (3.19b)
where,sincetheatomsareevolvinginanopticallatice,themomentumhasbeenreplaced
bytheirrespectivequasi-momenta.Thephase-matchingconditionsarerepresentedinFig.3.4
wheretwoatomsfromthecondensatewithqz0=−0.57klat(darkbluecircle)aretransferredto
qza=0.15(redcircle)andqz,b=−1.3klat+2klat=0.7klat(bluecircle).Sincetheprocessis1D,
thequasi-momentumwilalwaysrefertotheverticalcomponentandtheindexzwilbe,from
nowon,dropped.
Knowingtheinitialquasi-momentumofthecondensateq0,itisthenpossibletoretrievethe
valuesofthepairsquasi-momentaqaandqbfromEq.(3.19b)andtheirrespectiveenergieswil
begivenbythedispersionrelationE0(qi)5.
Meanﬁeldcorrection:asimpleapproach
Sincethefour-wavemixingprocessisbasedoninteractions,itisnecessarytoaddthemean-ﬁeld
contribution(gn)tothephase-matchingcondition.Keepinginmindthatweareinterestedin
4Wherethenotation [2klat]correspondsto±2klatsuchthatbeambisprojectedintothe1stBrilouinzone,see
Fig.3.4.
5E0(q)correspondstothelowestenergybandwithoutinteractioncorrections.
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Figure3.5:Modulationofthecondensatewave-functionbytheopticallattice. SpacialmodulationoftheBECwave
functionwithinitialquasi-momentumofq0=−0.57qlatbyaperiodicopticallaticepotentialwithdepthV0=0.8Elat.
producingpairswithlowpopulations(necessaryfortheHOMeﬀect),themeanﬁeldcontribu-
tionduetothepairsisnegligible.However,thesamedoesnotholdforthecondensatemean
ﬁeldcontribution.Theenergyconservationisthengivenby6
2E(q0)+gn0 =E(qa)+2gn0+E(qb)+2gn0,
2E(q0)=E(qa)+E(qb)+2gn0,
wheren0isthedensityoftheBECgivenby
n0=gN0 drψ0(r)2.
Asaconsequence,thephase-matchingconditionsofEq.(3.18)areshiftedandbroadened.
Indeed,thewave-functionoftheBECdescribedbytheBlochwave
ψ0(z)=
∞
m=−∞
a0,m(q0)eiq0z, (3.20)
correspondstoamodulatedfunctioninspace.AsanexampleinFig.3.5,ψ0(z)2isrepresented
foralaticedepthV0=0.8ElatandBECinitialquasimomentumq0=−0.57qlat.Theenergy
conservationcanthenbewritenas
2q0=qa+qb[2qlat], (3.21a)
E(qa)+E(qb)+2g(n0−δn0)≤2E(q0)≤E(qa)+E(qb)+2g(n0+δn0), (3.21b)
whereδn0correspondstothemodulationamplitude.Theenergyconservationconditiondoes
nolongercorrespondtoasinglesolution,buttoarangeofsolutionslimitedbytheconditions
E(qa)+E(qb)=2E(q0)−2g(n0+δn0),
E(qa)+E(qb)=2E(q0)−2g(n0−δn0).
Onewilthenhavearangeofq0satisfyingthephase-matchingconditions.Thisisrepresented
inFig.3.6forthecaseofV0=0.8Elat,q0=−0.57qlatandgn0=0.067Elat.Thesumoftheatomic
pairenergies(E(qa)+E(qb),withqbverifyingtheconservationofmomentum
qb=qa−2q0[2klat],
6Theterm2×2gn0intherightsidecomesfromthefactthatanatomfromeitherbeamaorbisdistinguishable
fromthecondensate.Themean-ﬁeldcontributionforoneatominsidethecondensate,onthecontrary,isequalto
gn0[153].
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Figure3.7: Determinationofthephase-matchingconditiontakingintoaccountthemean-ﬁeldpotentialfor
diﬀerentcondensatequasi-momentumq0andlatticedepthV0.Phasematchingconditionsfortheatomicpairproduction
asafunctionofthecondensatequasi-momentumq0foralaticedepthV0of:a)V0=0.4Elat,b)V0=0.8Elat,c)V0=1.2Elat
andd)V0=2.0Elat.Theredshadedareaindicatestheatomicbeamaandthelightbluetheatomicbeamb.Thewidthsareﬁxed
bythemean-ﬁeldmodulation.Thedarkbluelinerepresentsthecondensatequasi-momentum.
isplotedasafunctionofqa. Whenthetotalenergyofthepairintersectstheenergyzone
deﬁnedbytheboundaries
2E(q0)−2g(n0+δn0), (3.22)
2E(q0)−2g(n0−δn0), (3.23)
representedingrayonthegraph,thevaluesofqa(inred)andqb(inblue)arefound.These
correspondtobeamaandb,respectively.
ByapplyingthesameprocedurefordiﬀerentvaluesoftheBECquasi-momentumq0,one
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obtainsthephasematchingcurvedisplayedinFig.3.7forfourdiﬀerentlaticedepths.From
thesecurves,itispossibletoextracttheexpectedquasi-momentaofatomicbeamsaandb(qa,
qb)asafunctionofthecondensatequasi-momentumq0.Oneseesthatthepairproductionstarts
forvaluesofq0aboveacriticalvalueqc>0.5klatdependingonthelaticedepth. Whenq0is
closetothevalueofqc,theatomicpairsarenotwelseparatedinmomentumspace.Fordeeper
latices,thespreadofthepairsandthethresholdvaluetendstoincrease.Theseobservations
areingoodagreementwiththenumericalresultsofRef.[154].
Meanﬁeldcorrection:anumericalmethod
Thepreviousprocedure,althoughveryintuitive,doesnotalowustopredicttheatomicbeam
shapenortheatomicbeamsdynamics.Inordertogetthisinformationwewil,folowing
Ref.[154],startbysolvingthestationaryGross-Pitaevskiequation
µψ(z)= −
2
2m
∂2
∂z2+V(z)+gψ(z)
2ψ(z), (3.24)
whereV(z)correspondstothelaticepotential7.Thewave-functionofthecondensate,asin
Eq.(3.20),correspondsthentoaBlochwavewithinitialquasi-momentumq0.
ThisresolutionisperformednumericalybyﬁrstﬁndingthesolutionsofEq.(3.24)without
interactions,givenby
ψ0(z)=
∞
m=−∞
a0,m,0(q0)eiq0z.
Bysolvingthemcoupledequations

2q0+2mqlat2
2m +
V0
2
a0,m,0(q0)−V04 a0,m+1,0(q)+a0,m−1,0(q0)=E0,q0,0a0,m,0(q0),
oneﬁndsthecoeﬃcientsa0,m,0ofthewavefunctionψ0(z).Onecannowaddthecontribution
ofthemean-ﬁeldpotential,suchthatthemcoupledequationsarenowgivenby

2q0+2mqlat2
2m +
V0
2
a0,m,1(q0)−V04 a0,m+1,1(q0)+a0,m−1,1(q0)
+n0g
p,p
a0,p,0a∗0,p,0a0,m+p,1+n0ga0,m,02a0,m,1=E0,q0,1a0,m,1(q0).
Thesolutionoftheseequationsgiveusthevalueofthecoeﬃcientsa0,m,1andalowustorecover
thewave-function
ψ1(z)=
m
a0,m,1eiq0z.
Doingthesameprocedurebutreplacinga0,m,0bya0,m,1,thesolutionofψ2(z)canbeﬁnd.This
self-consistentprocedureisdevelopeduntilbothenergyandwave-functioncorrectionofhigher
ordersbecomenegligible[141].
OnceasolutionofEq.(3.24)isobtained,oneneedstotestthestabilityofthewave-function.
Inordertodoso,weaddasmalperturbationtothecondensatewave-functionandstudy
7Thedipoletrappotentialisneglectedalongthelongitudinalaxis.
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itsresponse[154]. Thiscorrespondstoaddingtothewave-functionofthecondensatethe
perturbation
δφq0(z,q,t)=vq0(z,q,t)eiqz+w∗q0(z,q,t)e−iqz,
wherevq0(z,q,t)andwq0(z,q,t)aretwofunctionswiththesamespatialperiodicityofthelatice.Thesefunctionscorrespondtoexcitationswithquasi-momentumq0+qandq0−q,inthelatice
frameofreference,andhaveweakamplitudes.BysolvingthetimedependentGross-Pitaevski
equation
i∂ψ(z,t)∂t =−
2
2m
∂2ψ(z,t)
∂z2 +
V0
2 1−cos2zqlat +gn0ψ(z,t)
2ψ(z,t), (3.25)
onegets,inﬁrstorderapproximation,
i∂∂t
vq0(z,q,t)
wq0(z,q,t)
=Mq0(z,q)
vq0(z,q,t)
wq0(z,q,t)
, (3.26)
whereMq0(z,q)isequalto
Mq0(z,q)=

L(q0+q) gn0ψ2q0
−gn0ψ2∗q0 −L(−q0+q)
 (3.27)
and
L(q)=−
2
2m
∂
∂z+iq
2
+V02sin
2(zklat)−µ+2gn0ψq02. (3.28)
ThroughthediagonalisationofthematrixM,onecandeterminetheeigenvaluesofthe
system.Ifoneoftheeigenvaluesiscomplex,thesystemisnotstableandtherespective
perturbationgrowthsexponentialyintimeleadingtoadepletionofthecondensate. This
correspondstothedynamicalinstabilityor,inotherwords,theatomicpairproduction.
Theseinstabilitiescanbestimulatedwiththeintroductionofaseed —stimulatedprocess
—orcanhappenspontaneouslyduetovacuumﬂuctuations—spontaneouspaircreation.Our
maininterestisinthelater.
TheeigenvaluesofM arecomputedbyﬁxingtheBECquasi-momentumq0andscanning
theperturbationquasi-momentum,q,inthe1stBrilouinzone.Eachimaginaryeigenvalue
correspondstoaquasi-momentumqverifyingthephase-matchingconditionsoftheatomic
pairs. Byidentifyingthevaluesofqforwhichtheeigenvaluehasanimaginarytermand
knowingq0,oneextractsthevaluesofqaandqb.Thecomplexpartoftheimaginaryeigenvalue
correspondstothegrowthrateoftheexcitation.InFig.3.8,onecanseethattherateincreases
withthelaticedepthandwiththeabsolutevalueofq0.Thismeansthatfordeeperlatices
andlargerBECquasi-momentathepairproductionrateincreases.Consequently,inorderto
producethesamenumberofatomicpairsfordiﬀerentquasi-momentaorlaticedepths,one
hastoadaptthelaticeduration.
InFig.3.8,thequasi-momentaqaandqbareplotedfordiﬀerentq0rangingfrom−0.9klat
to−0.5klat,withdiﬀerentlaticedepths:V0=a)0.4Elat;b)0.8Elat;c)1.2Elatandd)2.0Elat.
Thedensityiskeptconstantandthe mean-ﬁeldtermisequaltogn0=0.067Elat8. One
recoverssimilarfeaturesasforthemethoddiscussedpreviouslyjustbyaddingthemean-ﬁeld
contribution.Namely,thephasematchingconditions,thecriticalvalueqcandwidthsolutions
forbeamaandbarequalitativelythesame.
8ThisvalueisextractedfromthetypicalBECnumbersgiveninChapter2,Table2.6,withn0= Nat43πw2⊥(0)Lwherew⊥(0)andLareobtainedfromRef.[64].
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Figure3.9: Comparisonbetweenthewidthoftheatomicbeamaforthecaseofanintuitiveadditionofthe
mean-ﬁeldpotentialandfortheresolutionoftheGross-Pitaevskiequationfolowing[154].Thediﬀerentcanvas
correspondtolaticedepthV0equalto:a)0.8Elat,b)1.2Elatandc)2Elat.Thecondensatequasi-momentumcorrespondsto
q0=−0.6qlat.Onecanseethattherangeofvaluesofqathatverifythephase-matchingconditionisequivalentbetweenthe
twomethods.
Comparisonbetweenthetwomethods
TheresonancewidthsarecomparedinmoredetailinFig.3.9wheretheresultfolowingthe
self-consistentsolution(redarea)issuperimposedtothenaivesolutionobtainedbyaddingthe
mean-ﬁeldcontribution(blueshadedarea).Despiteasmalshiftintheupperqbranch,both
resultsagreeintermsofcentralphase-matchingcondition,aswelasintermsoftheresonance
width.Theﬁrsttreatmentoftheinteractionscannot,however,predicttheexpectedgrowthrate
asafunctionofq0and,inthissense,cannotexplaintheshapeoftheproducedpairs.
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3.2.2 Atomicbeamshapeprediction
FolowingRef.[154],itisnowpossibletoestimatetheshapeoftheatomicbeams.Forshort
laticeapplicationtime,suchthattheexponentialgrowthofthepairisstilclosetoalinear
growth,themomentumdistributionofthebeamisamultipleofthegrowthratevalueasa
functionofq9.Foralongerlaticeapplicationtime,thisisuntruesincetheprocessbecomes
tobeseededandtheshape"shrinks"aroundthemaximumeigenvalue. Nonetheless,wewil
alwaysworkintheweaklypopulatedregimewherethegrowthratedistributiongivesus
enoughinformationaboutthebeamshape.
Itisimportant,however,topointoutthatsincethecondensateisrepresentedbyaplane
waveofquasi-momentumq0,thegainwidthdoesnottakeintoaccounttheinitialmomentum
distributionoftherealBEC.Inordertobeabletopredictthecorrectshapeoftheatomicbeams,
oneneedstotakeintoaccounttheinitialmomentumspreadofthecondensate.
Theexactwavefunctionofthecondensatecanberetrievedbysolvingthetimedependent
Gross-Pitaevskiequationinimaginarytime.Forourtypicalparameters,thedensityinmomen-
tumspacecanbeapproximatedbyaGaussianofwidthσ≈6×10−3klat. Wethusrepresentthe
distributionofthecondensateasacoherentsumofplanewavesconvolutedbythisGaussian
9ThegrowthratecorrespondstothecomplexpartoftheeigenvalueobtainedthroughthesolutionoftheGPE
asdescribedpreviously.Thecomplexpartisafunctionoftheperturbationquasi-momentumqand,consequently,
thegrowthratealsodependsonit.
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Figure3.11:Schematicrepresentationoftheopticalaccesstothesciencechamber.W1,W2,W3andW4correspond
tothefourwindowsthroughwhichtheopticallaticecanbealignedontheatoms.Twomirrorsinsidethesciencechamber
guaranteethatalaserbeamcentredoneitherW1orW2wilexitthroughW3orW4,respectively.
shape.Theatomicbeamwidthcanthenbeestimatedthroughaconvolutionbetweenthegain
ateachqcentredaroundq0andthewidthoftheinitialBECdistribution. Asaconsequence,
onecanseeanenlargementofbeamaasrepresentedinFig.3.10forseverallaticedepths
(from0.8to2Elatfromtoptodown)anddiﬀerentcentralBECquasi-momentaq0(from0.85
to0.55klatfromlefttoright)with,inblue,therealisticgrowth-ratepredictionfortheatomic
beamatakingintoaccounttheBECmomentumdistributionand,inred,thegrowth-ratefora
planewaveofquasi-momentumq0.Onecanseethatforashalowlaticeandasmalcentral
quasi-momentum,q0,thegrowth-rateofbeamaiswiderthanthecentral(q0)growth-rate.In
thisregime,thedominantcontributionfortheatomicbeamshapecomesfromthecondensate
initialmomentumdistribution.Thisispreciselythesituationinwhichthepairwereobtained
inordertoachievetheatomicHOMexperiment.
Inthissection,thephase-matchingconditionshavebeendiscussed.Bychangingthedetuning
betweenthetwolaserbeams,thequasi-momentumoftheBECinthelaticeframeofreference
ischangedandtheproducedatomicpairsselected.Thepopulationoftheatomicbeamscan
alsobecontroledthroughthelaticeapplicationtime.Thismethodcorrespondsthentoavery
tunablewayofproducingatomicpairsinmomentumspaceandrepresentsahugeimprovement
overthecontroloftheatomicpairsproductioninourexperiment.
3.3 Paircreation:experimentalrealisation
Afterhavingbrieﬂydescribedthetheoreticalstepsrequiredtounderstandthepaircreation
mechanism,wewilnowfocusontheexperimentalrealisationandanalysisoftheatomic
beams.
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Figure3.12:Schematicsrepresentationoftheopticalbenchfortheopticallattice.
Theopticallaticeconsistsintwolaserbeamswithwavelengthof1064nm,seeFig.3.12.
Atthebeginningofthiswork,thelaserbeamsformedanangleof7◦degreeswithrespectto
theverticalz−axis.ThetwobeamswerethengoingthroughthesciencechamberwindowsW2
andW4(seeFig.3.11).Instead,wenowusethewindowsW1andW4(seeFig.3.11)toalign
thelaticealongtheverticalz−axis.Therelativeanglebetweenbothbeamscorrespondthento
θ=2θ=166◦andthebeamwaistisequalto200µmfortheupwardbeamand400µmforthe
downwardone.10
AsseeninSection3.1,bychangingthedetuningbetweenthetwolaserbeams,δlat,one
cancontrolthespeedofthecondensateinthelaticeframeofreference.Foravalueofδlat=
2π×100.5kHzthelaticespeedisequalto−0.57vlatandoneproducestwoatomicbeamswith
momentaka=0.73klatandkb=1.27klat,inthelaboratoryframeofreference.Thissituationis
interestingforperformingtheHOMexperimentaswewilexplaininChapter4.
Eﬀectofverticalalignment
InFig.3.13andFig.3.14,the2Datomicdistributionsarerepresentedforδlat=2π×100.5kHz
andPup=13mW(V0=0.8Elat)inthexzandyz−plane,forthenewandoldopticallatice
alignment,respectively.Theoldconﬁgurationcorrespondstoanangleof7◦withrespecttothe
verticalz−axiswhilethenewconﬁgurationisalignedalongtheverticalaxis.Thelaticeiskept
for300µsatitsmaximumdepthand,inbothsituations,theloadingaswelastheextinctionof
thelaticeareperformedadiabaticaly.
10Atthetimethenewlaticealignmenthasbeenperformed,nocolimatorwasavailabletoguaranteethesame
waistontheatomsforbothbeams. Asatemporarysolution,thewaistofthedownwardbeamwaschangedto
400µmwhichistwotimeslargerthantheupwardbeam.Inordertohavethesameintensityproﬁleontheatoms,
thedownwardbeamhasfourtimesthepoweroftheupwardbeam.Sincethecondensatesizeismuchsmalerthat
thelaticebeamwaists,theintensityproﬁleisuniformoverthecondensate.
82
Paircreation:experimentalrealisation
kx(klat)
k z
(k l
at)
ky(klat)
-0.4-0.2 0.0 0.2 0.4
0.5
1.0
1.5
-0.4-0.2 0.0 0.2 0.4
0.00 0.10 0.20Averageddet.atomnumber
Figure3.13: Two-dimensionalmomentumdistribu-
tionoftheatomicpairsobtainedintheverticaloptical
latticeinthelaboratoryframeofreference.Representa-
tionofthez−ymomentumdistributionoftheatomicpairs
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Figure3.14: Two-dimensionalmomentumdistribu-
tionoftheatomicpairsobtainedintheoldoptical
latticeinthelaboratoryframeofreference.Paircreation
inlaticealigned7◦withregardtotheverticalz−axis.One
canseethatalongthey−axistheshapeofthepairsisnolonger
centredonzeroandfolowtheinclinationoftheopticallatice.
Inthecaseoftheoldgeometry,asonecanseeinFig.3.14,theatomicbeamsareno-longer
centredtransversalyaround{x,y}={0,0}butareasymmetricalongthey−axiscorresponding
totheinclinationofthelatice. Withthenewalignmentthisfeaturedisappears[108,141,142].
Thischangeiscrucialinordertoguaranteeagoodspatialoverlapofthetwoatomicbeamsin
theHOMexperimentasitwilbediscussedinChapter5.
3.3.1 Geometricalalignment
Thelaticealignmentisbasedontherepulsivedipolepotentialofeachlaticebeam.Oneturns
oneachlaserbeamindividualy,for100µs,ontheatomsafterswitchingoﬀthedipoletrap.
Sincethelaticebeamsarebluedetuned,thelightinducesarepulsivedipoleforceontheatoms
thatarenowfalingduetogravity.Sincethelaticebeamsarealmostalignedalongthevertical
axis,theatomsfeelastrongrepulsivepotentiallyingbeneaththemandare,consequently,
repeledtransversaly.Afteralongtime-of-ﬂightof308ms,therepulsivedipoleforcetranslates
intoaholeinthe2Dxy−planedensitydistribution,seeFig.3.15.
Fig.3.15showstheobtainedresultsfortheupward(Fig.3.15a)anddownward(Fig.3.15
b)laticebeams.Theholeinthetransversedistributioncorrespondstotherepulsivepotential
ofthelaticebeamwhichiscentredontheatomiccloud.Agoodalignmentwouldcorrespond
toanalmostsymmetricringasseenintheﬁgure.
3.3.2 Loadingprocedureofthe1Dlatice
InordertoadiabaticalyloadtheBECinthelatice,theintensityofthelaserbeamshastobe
rampedslowlyoveratimeT.11TheminimalvalueofTforatomsatdiﬀerentquasi-momenta
11Weconsideralinearramp,althoughthisisnottheoptimisedsituationasreportedinRef.[178].
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Figure3.15:Alignmentoftheopticallatticebeamsonthecondensate.Geometricalalignmentofthelaticebeamsby
applyingeachbeamindependentlyonthecondensate.Sincethelaserisbluedetuned,thelightcreatesarepulsivepotential.
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Figure3.16:Loadingprocedureoftheopticallattice.Fromtoptobotom.Inred,werepresenttheopticaltrappoweras
afunctionoftime.Inblue,thelaticedepthisrepresentedasafunctionoftime.Onecanseetheadiabaticloadingperformed
in300µsandtheadiabaticextinctionin50µs.Thetwolaticebeamsdetuningisthenrepresentedingreen.Onecanseethe
adiabaticaccelerationofthelaticeoncethelaticedepthhasreacheditsmaximumvalue.Finaly,inorange,thestimulated
two-photonRamanscateringprocessisrepresented.Thisisperformedinordertotransfertheatomsfromthestatemj=1to
theinsensitivemagneticﬁeldstatemj=0.
andlaticedepthwasdiscussedinSubsection3.1.3.Foracondensatewithquasi-momentum
q=−0.57qlat,whichisthecaseconsideredhere,theconditionT 1µshastobeveriﬁed.
Theprocedureisdone,asrepresentedinFig.3.16,byﬁrstrampingupthelaticedepthfrom
0toV0=0.8Elatin300µs. Duringthistime,thelaticespeediskeptatzerosothattheBEC
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iskeptatrestinsidethedipoletrap. AfterreachingthemaximumvalueofV0,thelaticeis
acceleratedfrom0to0.57vlatin50µs.Thecondensateisafterwardsmodulatedbytheoptical
laticepotentialfor350µsandundergoesspontaneouspairproduction.
Afterthistimethepaircreationprocessstartstobeslightlyseededbytheﬁrstproduced
atoms.FortheHOMexperimentitisrequiredthattheaveragednumberofatomsremains
aslowaspossible.Itisthenessentialtostoptheprocessasquicklyaspossible.Thismeans,
however,toextinctthelaticeabruptlywhichcanleadtodiﬀraction.Theadoptedprocedure
istolowerthelaticedepthwithalinearrampfromthemaximumvalueV0to0in50µs.This
timeissuﬃcienttoguaranteethattheatomsinbeamb,thatlieclosetotheboundaryofthe1st
Brilouinzone,donotundergoBraggdiﬀraction(forqb=0.72klat,theconditionT 4µsis
veriﬁed).Ontheotherhand,thetimeissuﬃcientlyshorttoguaranteethattheaveragedpair
populationdoesnotgrowthduringtheadiabaticextinctionofthelatice.
Experimentaly,theadiabaticityoftheloadingprocessischeckedbyabandmappingtech-
nique[179].Thetestconsistsinturningoﬀthelaticeinthesamemannerasitwasturned
on.Iftheatomshavebeentransferredtohigherenergybands,thantheywilbeprojectedto
Brilouinzonesoncethelaticeisturnedoﬀ.Thiscanbecheckedbylookingatthepopulations
atk0±2nklat.Inourcase,nodiﬀractionisvisiblefortheloadingramp.Fortheextinctionramp,
lessthan0.02%oftheinitialBECpopulationistransferredtok0+2klatandnovisiblediﬀraction
ofthepairsisrecovered.
Thepairproductiontimecanthenbeestimatedas
Tprod.=[Timeofthemovinglaticeatfulpower]−[accelerationtimeofthelatice]=350µs.
Thisissuﬃcienttoguaranteeanaveragepopulationofthepairsaround20−40ineachbeam.
BytakingintoaccounttheMCPdetectioneﬃciencyof25%thisleadstoapproximatively5−10
detectedatomsonaverage.
3.3.3 Atomicpairproduction
AsdescribedinSection3.2,itispossibletotheoreticalypredictthedistributioninmomentum
spaceoftheatomicbeams.Theexperimentaldensityproﬁleisthencomparedtothepredicted
oneinFig.3.17wherewerepresent,inblue,theexperimentaldensityproﬁleand,inred,the
theoreticalpredictionwithanadjustedgrowthtimeinordertoﬁttheamplitudeoftheatomic
beama.Thedescriptionoftheatomicbeamwidthduetothemomentumdistributionofthe
BECagreeswel withtheexperimentalobservation.However,twoimportantdiscrepanciesare
noticed.
•Firstthereisabackgroundnoisebetweenthetwoatomicbeamsthatisnotfulydescribed
bythetheoreticalmodel. Thisbackgroundcaneventualybeexplainedbyenergetic
instabilities,sincethepairsare movingabovethespeedofsoundofthecondensate
(c=0.24vlatwithcthespeedofsound,seeAppendixA)[189,193,196].Thiswouldlead
tocolisionsbetweenthepairsandthecondensateandpossiblyexplainthisbackground
population.
•Second,thereisananisotropybetweenthepopulationofthecloudsaandb.Thetheoretical
modelisbasedonaHamiltoniancloselyrelatedtoparametricdown-conversionprocess
whichgivesraisetoasymmetricpopulationbetweenthetwobeams,seeEq.(3.17).
However,sincebeambhasaquasi-momentumabovethethresholdlimitvalue(qc)
fordynamicalinstabilityitcanleadtosecondaryfour-wavemixingevents.Thiseﬀect
should,inprinciple,benegligiblesincebeambisverydilute.However,four-wavemixing
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Figure3.17:Densityproﬁleofbeamsaandb,experimentalresultandtheoreticalpredictions.Thetheoretical
predictionfortheatomicbeamsshapeasafunctionofthemomentumkinthelaboratoryframeofreference(redshadedarea)
iscomparedtotheexperimentaldensityproﬁle(blueshadedarea).ThelaticedepthisV0=0.8Elatandthelaticeismoving
at−0.57vlat.Theamplitudeofthetheoreticalpredictionisadjustedtotheexperimentalproﬁlecorrespondingthentoaﬁting
parameter.
processestriggeredbyanatomfromtheBECandanatomfromcloudbcanhappen.This
wouldresultinlossesfrombeamb.
Thepopulationdiﬀerencebetweenthetwoatomicbeamshavealsobeenreportedinthe
experimentofW.Keterle’sgroup[105]and,inthissense,webelievethatitmustcorrespond
toaphysicalprocessratherthananexperimentalartefact.Furthertestsarebeingperformedin
ordertounderstandthisdiscrepancybetweenthetwobeams.Inparticularweareinterested
instudythedependenceoftheatomicbeampopulationdiﬀerenceasafunctionofthespeedof
soundintheBECandasafunctionofbeambquasi-momentum.
InFig.3.18arerepresentedthedensityproﬁlesalongthelongitudinalz−axis(leftpanel)of
thecondensateandtheatomicpairsforthecaseofaninitialquasi-momentumq0=−0.57qlat
andalaticedepthV0=0.8Elat. Sincethecondensatesaturatescompletelythe MCP,no
informationcanbeextractedfromitstransverseproﬁle.Thetransverse2Ddistributionofboth
beamsaandbisalsoshown. Onecanseethatthetwocloudspresentshoulders(rightpanel)
whichindicatesthatpairsarealsocreatedinexcitedtransversemodes.Thosearenotdominant
sincetheirgrowthrateismuchweakerthanthefundamentalmodeasdiscussedinmoredetail
inRef.[141],page81.
3.3.4 Evolutionofthepairsinthetrappingpotential
Thethreecloudsofdiﬀerentquasi-momenta(theBECatq0,beamaatqaandbeambatqb)evolve
inapotentialformedbythedipoletrapandthelatice. Althoughthetrappingpotentialhas
alwaysbeenneglectedinthe1Dtheoreticaltreatmentpresentedsofar,itplaysanimportant
roleonthetimeevolutionofthepairs.TheBECis,inthelaboratoryframeofreference,always
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Figure3.18:DensityproﬁlesoftheatomicpairsinthecaseoftheHOM-experimentalrealisationbeforeapplication
ofthebeam-splitterFromlefttoright:2Dmomentumdistributionoftheatomsinthexz−plane.Thecondensatesaturates
thedetectorand,asaconsequence,itswidthalongthex−axishasnophysicalmeaning. Thepairsappearwithmomenta
ka=0.73klatandkb=1.27klat.Wealsorepresenta2Dmomentumdistributioninthexy−planeforbeama(upperpanel)and
beamb(botompanel).Theintegrationlengthalongtheverticalz−axisisequalto0.01klatandcentredonka=0.73klatand
onkb=1.27klat,respectively.Finaly,weshowthecutalongthex−axisofthe2Dmomentumdistributiononxy−planefor
bothbeama(upperpanel)andbeamb(botompanel).Thecutcorrespondstoanintegrationlengthalongthey−axisequalto
0.05klat.
atrestanddoesnotexplorespatialythetrappingregion,however,thesamecannotbesaidfor
thepairs.
Theatomicbeamshaveaﬁnitespeedinthelaboratoryframeofreferenceandthuscanmove.
Oneimportantpointistheirpositionwhentheopticaltrapisswitchedoﬀ.Iftheydidnotleave
themaximumdensityregionoftheBEC,theirexpansion,oncethetrapisswitchedoﬀ,canbe
stronglyperturbedbythemean-ﬁeldpotential. Moreover,sincethespeedofthetwoatomic
beamsarediﬀerent,theeﬀectofthemean-ﬁeldpotentialisgoingtoaﬀectthemdiﬀerently.This
representsahugeexperimentaldiﬃcultyinordertoachievetheHOMexperimentsincethe
particleshavetobewel modematchedwhenoverlapped.
Experimentalobservationofthespatialshapedeformation
Thelaticeisadiabaticalyswitchedonandkeptatitsmaximumpowerfor400µs.Theexper-
imentisperformedforalaticedepthof0.8Elatandspeedvlat=0.77vlatwhichleadstothe
productionofcloudawithmomentum,inthelaboratoryframeofreference,equalto0.31klat.
Afterswitchingoﬀthelatice,thecloudiskeptinthedipoletrapforacertainwaitingtime(τw),
afterwhichthedipoletrapisswitchedoﬀinlessthanamicrosecond.Theatomsexpandand
theirlongitudinalaswelastransversevelocitiescomponentsarerecoveredaftertime-of-ﬂight.
Themomentumdistributionofclouda,inthexy−planeisshowninFig.3.19.Itispossibleto
noticeaholeinthetransversedistributionforwaitingtimeslowerthan50µs.Forlongerτw,the
expectedtransverseGaussianshapeisrecoveredasdiscussedinRef.[141].
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Figure3.19:Transverseshapeoftheatomicbeamaasafunctionoftheholdingtimeintheopticaldipoletrap.
Fortheﬁrstpanels,aholeappearsinthetransverseshapeofbeamawhichtendstodisappearforlongerholdingtimesτw.Each
panelcorrespondstoa2Dmomentumdistributioninthexy−plane.
Mathematicaldescriptionoftheproblem
Onepossibleexplanationforthespatialshapedeformation,wouldbethatifbeamaissuper-
posedtothecondensatewhenthetrapisswitchedoﬀ,thenthecloudwouldfeelaverystrong
repulsivepotentialbeneathit.Thatwouldtranslateintoarepulsivetransverseforceand,after
time-of-ﬂight,thiswouldleadtotheformationofaholeonthehorizontalplane.Inorderto
testthisassumption,letuslookattheatomicbeamsdynamics.Twodistinctsituationaretobe
considered.
First,onehastoconsidertheatomicbeamdisplacementintheopticalpotentialformed
bythedipoletrapandtheperiodicopticallatice.Thiscorrespondstotheﬁrstinstantsafter
productionoftheﬁrstatomicpairs.Theparticleevolutionequationsarethengivenby[186]
d2q
dt2=−
∂V(0,0,z)
∂z (3.29a)
dz
dt=
1∂E(q)
∂q −vlat, (3.29b)
wherevlatcorrespondstothespeedofthelaticeandthedipolepotentialistakenat{x,y}={0,0}.
Itisimportanttonotethattheatomspatialevolutiondependsonthegroupvelocitygivenby
1∂E
∂q.
ConsiderthecaseofaweaklaticeandaBECquasi-momentumequalto−0.77klat.This
correspondstotheproducedatomicbeamsrepresentedinFig.3.19wheretheholehasbeen
identiﬁed,withbeamqa=−0.46klatandqb=0.92qlat,inthelaticeframeofreference.Since
beamaismovingslowerthanbeambwithrespecttothecondensate,theeﬀectoftheinteractions
wilbemaximalyfeltonbeama.Inordertodeterminethespatialdisplacementoftheatomic
beam,oneneedstoevaluatethetimeafterwhichtheﬁrstpairshavebeenproduced. We
experimentalyestimatedthattheﬁrstproducedpairsaregenerated,forthecurrentvalueof
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Figure3.20:Centralpositionofbeamaasafunctionoftheholdingtimeτw.Theexperimentalsituationcorresponds
toalaticedepthV0=0.8Elatandacondensatequasi-momentum,inthelaticeframeofreference,equaltoq0=−0.77vlat.
ThisisrelatedtotheobservationmadeinFig.3.19
q0,afterapproximatively200µsand,sincethelaticeapplicationtimeisequalto400µs,this
meansthatthepairsaretravelingfor200µsinanopticalpotentialformedbybothanoptical
laticeandadipoletrap.FromEq.(3.29b),werecoveraspatialdisplacementforbeamaequal
to7µm.Thismeansthatatthetimethelaticeisswitchedoﬀ,beamahasalreadymoved7µm.
Thesecondsituationcorrespondstotheevolutionoftheatomiccloudinthedipoletrap
alone.Theequationsofpositionandmomentumcorrespondthentotheevolutionofaparticle
inaquasi-harmonicpotential.
InFig.3.20,oneshowstheevolutionofthecentralpositionofbeama,fromtheinitial
positionof7µm,whenthelaticehasbeenextincttotheﬁnalpositionoftheparticle,after
τw=200µs,equalto13µm. WhencomparedtotheThomas-Fermiradiusofthecondensate,
approximativelyequalto60µm,oneconcludesthatbeamaisstildeeplyinsidethecondensate.
Thismeansthattheobservedbehaviourasafunctionofthewaitingtime,τw,reportedinFig.3.19
cannotbeunderstandthroughasimplespatialargument.
Anotherexperimentprovidesmoreinsightinthisobservation.Inthisexperimentalse-
quence,afterproducingthepairsviadynamicalinstabilities,wechangethelaticespeedin
orderto,viaBraggdiﬀraction(seeChapter4),acceleratethebeama.Theatomswithinitial
momentumkaaretransferredtoamomentumka+2klat.Thedipoletrapisthenimmediately
switchedoﬀ,suchthattheatomsdidnothaveenoughtimetosigniﬁcantlymove. Wethen
comparethesituationwithandwithoutBraggdiﬀractionasshowninFig.3.21andFig.3.22,
respectively. Onecanseethatforthesituationinwhichbeamaisnotdiﬀracted,aholeis
noticeableinthe2Datomicdistributionanddisappearswhenthebeamisdiﬀracted,showing
thatthespeedofthecloudduringtheexpansionplaysanimportantrole. Wealsonoticea
shrinkinthetransversedistributionofbeamb.
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Figure3.21:Eﬀectoftheinitialspeedonthetrans-
verseshapeofbeama.a)Verticaldensityrepresentation
withcloudaatka=0.31klatinthelaboratoryframeof
referenceandcloudbat1.72klat. Braggdiﬀractionfrom
thecondensateatk=2klatisvisibleduetothefactthatthe
laticeisnon-adiabaticalyswitchedoﬀ.b)Transverseproﬁle
ofbeama. Onecanseethatthecloudpresentaholeinthe
transverseplane.Thecutalongthex−axisrepresentedind)
alowustovisualisemoreclearlytheeﬀect.c)Transverse
proﬁleofbeamb. Nostructuresimilartobeamaisvisible.
Thisis,oncemore,easiertoobservethroughthecutalong
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Figure3.22:Eﬀectoftheinitialspeedonthetransverse
shapeofbeamaafterbeingBraggdiﬀracted.Beamais
diﬀractedjustafterbeingproducedandthedipoletrapis
immediatelyswitchedoﬀafterwards.a)Densityproﬁleofthe
cloudsalongtheverticaldirection. Theinitialmomentum
ofbeamaisrepresentedbytheredbox. Thearrowline
indicatesthediﬀractionperformed.Beamahasnowaninitial
momentumhigherthanbeamb.Braggdiﬀractionfromthe
condensateisalsonoticeableatk=2klat.b)2Ddensityproﬁle
onthexyhorizontalplanecentredonclouda.Theholein
Fig.3.21isnolongerpresenthasitispossibletocheckviathe
cutalongthex−axisrepresentedind).c)2Ddensityproﬁle
onthexy−planecentredoncloudb.Thecloudgetsthinner
whencomparedtothesituationofFig.3.21buthasstila
similarshape.
Theformationofaholeinthetransversedensityproﬁleofbeama,aftertime-of-ﬂight,isstil
anopenquestionthatneedstobefurtherinvestigated.Theexplanationbasedonthespatial
overlapbetweenbeamaandthecondensatecannotexplainentirelyourobservation.From
Fig.3.21andFig.3.22,weconcludethattheinitialspeedoftheatomsplaysanimportantrole,
andthatatomswithhighervelocitieswilbelessdisturbed.Sincethesituationofinterestfor
theHOMexperimentcorrespondstoabeamawithhigherverticalvelocitythantheonestudied
here,onecanexpectanegligibleeﬀect.Nevertheless,inordertoavoidanypossibledistortion
ofthecloud,wewil,fortheHOMexperimentalsequence,waitfor200µsbeforereleasingthe
atomsfromtheopticaldipoletrap(seeChapter5).
Withtheseresultsinmind,onecannowinvestigatethecorrelationpropertiesofthepairs
andtheirinterestfortherealisationofquantumatomexperiments.
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3.4 Correlatedpairsofatoms:analysis
InordertousetheatomicpairsfortheHOMscheme,oneneedstoguaranteethatthemomentum
diﬀerencebetweenthetwoatomicbeamsisequaltothemomentumtransferofthebeam-spliter.
AsitwilbeexplaininChapter4duetothelimitingopticalaccessofoursciencechamberthe
beam-splitermomentumtransfercorrespondsto∆k=0.55klat.Thepairsarethenproduced
withamomentumdiﬀerenceequalto0.55klatasrepresentedinFig.3.18.Thisisachievedby
loadingthecondensateinamovinglaticewithspeedv0=0.57vlat.Thetwoatomicbeams,a
andb,arethencentredaroundmomentaka=0.73(1)klatandkb=1.27(2)klat,respectively.
3.4.1 Cross-correlationandautocorrelation
Themaininterestofanon-linearprocessasfour-wavemixingistheabilitytotransforma
classicalstate(acoherentstateforinstance)inastrongly,quantum,correlatedstatedueto
thenon-linearitiesofthesystem.Thisnon-classicalcharacteristicscanbequantiﬁedvianon-
localcorrelations,variancereductionbelowshot-noiseandentanglement.Folowingthewel
knownresultsforparametricdownconversion[13],inthissection,thestudyofcorrelation
measurementisappliedtoouratomicpairs.
Theparametricdown-conversionHamiltoniangivenbyEq.(3.13)leadstomultimodestate
describedby
|ψ(t)=e−iˆHt/|0,
with
Hˆ=
l
Hˆ0,l+
l
κ Np1 Np2 aˆ†s,lˆa†i,l+c.c..
Inordertodeterminethemodesize,wecomparethetwo-bodyautocorrelationfunctiontothe
densitydistribution[108].
Autocorrelationfunction:modecharacterization
Foratwomodestatecorrespondingto
|ψ =
n
tanhn(λ)
cosh(λ)|n,na,b (3.30)
whereλisrelatedtotheaveragednumberofparticlespermode,throughtherelationn =
sinh2(λ),theautocorrelationcanbewritenas
g(2)aa= aˆ
†ˆa†ˆaˆa
aˆ†ˆaaˆ†ˆa
= 18cosh2(λ)sinh4(λ)8sinh
2(λ)cosh2(λ)2sinh2(λ)
=2. (3.31)
Ifthesourceismultimode,theautocorrelationfunction
g(2)aa(k,∆k+k)
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Figure3.23:2ndorderautocorrelationfunctionforbothbeamsaandb.Leftpanels:Projectionofthe2ndorder
autocorrelationfunctionalongthelongitudinalz−axisforbothatomicbeams. TheareaofintegrationisequaltoΩ2=
Lx×Ly = 2×10−2 2k2lat.Rightpanels:Projectionofthe2ndorderautocorrelationfunctionalongthetransversey−axis(thesameshapeisrecoveredalongthex−axis)forbothatomicbeams.TheintegrationareaisequaltoΩ1=[Lx×Lz]=
2×10−2×1×10−2 k2lat.
isnolongerﬂatbutevolveswiththemomentumdiﬀerence,∆k,where∆k=k−kwithkandk
correspondingtomomentavectoroftwoatomsinthesameatomicbeam.Theautocorrelation
functionwilreachthemaximumvalueof2inthecentralregionanddecreasesto1when∆kis
largerthanthemodesize.
Sinceseveralatomswithdiﬀerentmomentaareproduced,itispreferable,inordertomax-
imisethesignaltonoiseratiooftheautocorrelationfunction,tointegrateoverkinavolume
ΩVcomparabletotheatomicbeammomentumspread.The3Dautocorrelationfunctioncorre-
spondsthento
g(2)aa(∆kx,∆ky,∆kz)= ΩV
d3k :ˆn(k)ˆn(k+∆k):nˆ(k) nˆ(k+∆k), (3.32)
whichisprojectedintothelongitudinalaxis(z)andoneofthetransverseaxis(y)byintegration
overanarea,Ω1andΩ2smal whencomparedtotheautocorrelationcrosssectionarea.The
autocorrelationprojectionsarethengivenby
g(2)aa(∆kz)=Ω1
d∆kxd∆ky
ΩV
d3k :ˆn(k)ˆn(k+∆k):nˆ(k) nˆ(k+∆k),
g(2)aa(∆ky)=Ω2
d∆kxd∆kz
ΩV
d3k :ˆn(k)ˆn(k+∆k):nˆ(k) nˆ(k+∆k), (3.33)
where ::correspondstothenormalorderingaverageandtheintegrationsurfacesareequal
to
Ω1= Lx×Ly = 2×10−22k2lat,
Ω2=[Lx×Lz]= 2×10−2×1×10−2 k2lat.
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Local
Clouda Cloudb
σz,l(klat) 0.012(2) 0.010(2)
σy,l(klat) 0.05(1) 0.04(2)
Al,z 0.70(5) 1.00(5)
Al,y 0.70(5) 0.90(5)
Table3.1: Autocorrelationﬁttingparametersforbeamsaandb.SummaryoftheﬁtingparametersofEq.(3.35)
appliedtotheprojectionsofthe2ndordercorrelationfunctionalongthelongitudinalz−axisandtransversex−axisrepresented
inFig.3.23.
TheautocorrelationfunctionforbothcloudsarecomputedanddisplayedinFig.3.23.Thesolid
linesrepresentanempiricalGaussianﬁtgivenby
g(2)aa(∆kz)=Alzexp
−
z2
2σ2z,l
+1, (3.34)
g(2)aa(∆ky)=Alyexp
−
y2
2σ2y,l
+1. (3.35)
Thoseﬁtsareusedinordertodetermineboththemaximumamplitudecorrelationandthe
correlationwidthdeﬁnedasthehalf-widthat1/√e. Theresultingﬁtingparametersare
summarisedinTable3.1.Onecanseethattheamplitudesdiﬀerandareequalto1.00(5),for
beamb,and0.70(5),forbeama.Thisdiﬀerenceisprobablyduetothebackgroundpopulation
whichcanaﬀectdiﬀerentlythetwocloudsortothelossesassociatedtobeamb.
Thetwoatomicbeamsshowthesameautocorrelationwidthinsidetheconﬁdenceinterval
givenbythestandarddeviation.Themodesize,inbothtransverseandlongitudinalaxis,is
atributedtotheautocorrelationwidthandthenumberofmodesisdeducedfromtheratio
betweenthedensitywidthandtheautocorrelationwidth.
Estimationofthenumberofmodes
Thewidthsoftheatomicbeamsdistributionsareretrievedbyﬁtingthedensityproﬁlebyan
empiricalGaussianfunction.Forthetwoclouds,thehalf-widthat1/√ecorrespondsto
σn(k)z=0.06(1)klat,
σn(k)⊥=0.08(1)klat.
Performingtheratiobetweenthesevaluesandthoseoftheautocorrelationfunction,onecan
estimatethenumberofmodesineachatomicbeamtobe
nmode,z=σn(k)zσz,l=4−8,
nmode,⊥=σn(k)⊥σz,⊥ =1−2.
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Wethusconcludethateachcloudhas,roughly,between4to32modes.Furthermore,knowing
thatthetotalnumberofatomsineachatomicbeamisestimatedaround10−30,oneestimate
thatthenumberofatomspermodeisinbetween0.3and8.Althoughthistechniqueonlygives
aroughestimationofthenumberofmodesitalowsonetopredicttheorderofmagnitudefor
themodeoccupationinoursystem.
Cross-correlationfunction:pairproduction
Inthesamewayaswedidfortheautocorrelationfunction,onecandeﬁnethecross-correlation
functionbetweenatomswithmomentakaandkb+∆kverifyingphase-matchingconditions[12].
Forthecaseofatwo-modestateproducedthroughspontaneousparametricdown-conversion
thecross-correlationisgivenby
g(2)ab=
aˆ†ˆb†ˆaˆb
aˆ†ˆabˆ†bˆ
= 18cosh2(λ)sinh4(λ)8sinh
2(λ)cosh2(λ)1+2sinh2(λ)
=2+ 1n. (3.36)
When n →∞,thecross-correlationamplitudetendstotheautocorrelationamplitudeof2,
andincontrast,whenthemodeoccupationisreduced,g(2)abincreases.
Thecross-correlationfunctionisthengivenby
g(2)ab(∆kx,∆ky,∆kz)= ΩVa
d3ka
ΩVb
d3kb :ˆn(ka)ˆn(kb+∆k):nˆ(ka) nˆ(kb+∆k), (3.37)
whichisprojectedintothelongitudinalaxis(z)andoneofthetransverseaxis(y)byintegration
overthesurface,Ω1 andΩ2,thataresmal whencomparedtothecross-correlationcross
section.Theprojectionsarethewritenas
g(2)ab(∆kz)=Ω1
d∆kxd∆ky
ΩVa
d3ka
ΩVb
d3kb :ˆn(ka)ˆn(kb+∆k):nˆ(ka) nˆ(kb+∆k),
g(2)ab(∆ky)=Ω2
d∆kxd∆kz
ΩVa
d3ka
ΩVb
d3kb :ˆn(ka)ˆn(kb+∆k):nˆ(ka) nˆ(kb+∆k), (3.38)
withΩ1= Lx×Ly = 2×10−22k2latandΩ2=[Lx×Lz]= 2×10−2×1×10−2 k2lat.
ThedatashowninFig.3.24correspondstotheprojectionofthecross-correlationfunction
alongthelongitudinalaxis(z)andoneofthetransversedirection(y)(thesameshapecanbe
recoveredfortheothertransversedirection).Onecanseeanincreaseofthecross-correlation
for∆k→ 0,indicatingthatbeamaandbarecorrelatedandproducedinpairs.Theempirical
Gaussianﬁt
g(2)ab(∆kz)=Ac,zexp−
z2
2σ2z,c
+1, (3.39)
g(2)ab(∆ky)=Ac,yexp
−
y2
2σ2y,c
+1 (3.40)
isusedinordertodetermineboththeamplitudecorrelationandthecorrelationwidthdeﬁned
asthehalf-widthat1/√e.TheobtainedﬁtingparametersaresummarisedinTable3.2.The
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Figure3.24:2ndordercross-correlationasafunctionofthemomentumdiﬀerencebetweentwoatomsfrombeam
aandb.Leftpanel:Projectionofthe2ndordercross-correlationfunctionalongthelongitudinalz−axis.Theintegration
areainthetransverseplaneisequaltoΩ2 = Lx×Ly = 2×10−2 2k2lat. Rightpanels:Projectionofthe2ndordercross-correlationfunctionalongthetransversey−axis(thesameshapeisrecoveredalongthex−axis).Theintegrationareais
equaltoΩ1=[Lx×Lz]=2×10−2×1×10−2 k2lat.
Cross
σc,z(klat) 0.025(3)
σc,y(klat) 0.08(1)
Ac,z 0.27(3)
Ac,y 0.24(3)
Table3.2:Cross-correlationﬁttingparameters.SummaryoftheﬁtingparametersofEq.(3.40)appliedtotheprojections
ofthe2ndordercross-correlationfunctionalongthelongitudinalz−axisandtransversey−axisrepresentedinFig.3.24.
cross-correlationfunctionis,forbothdirections,twotimeslargerthantheautocorrelation
function.SincetheaveragedpopulationisestimatedtoN≈0.3–8onewouldexpectfrom
Eq.(3.36)amaximumcorrelationvalueof2.1–5.3. Thisvalueisindisagreementwithour
resultof1.3.Thisindicatesthateithertheproducedatomicbeamscannotbetrustilydescribed
throughspontaneousparametricdown-conversionorthatsubsequentlossesarereducingthe
cross-correlationvalue.
3.4.2 Non-classicalcorrelations
Correlationsarepresentindaytodaylive.Inmostclassicalsystems,twoquantitiescanbe
associatedsuchthatthepresenceofoneofthetwoimpliesanincreasedprobabilityofﬁnding
theother.However,forastatisticalclassicalexperiment,relativenumberﬂuctuationscannever
correspondtoadistributionwithlowerthanPoissonianﬂuctuations.Forinstance,considera
systemthatproducesN/2classicalpairsofbuletswithoppositevelocities.Onaverage,onehas
N/2buletsineachdirectionwithavariance,folowingthePoissonlaw,equaltotheexpected
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valueN/2.Thevarianceofthebuletsdiﬀerencecorrespondsthentothesumofthevariance
ofbothdistributionsandisequaltoN.Thisintrinsicﬂuctuationisoftencaledshotnoise.
Foraquantumstate,itispossibletomeasureavariancelyingbelowtheclassicalshotnoise
limit.Suchastateisoftencaledsqueezedstatesinceitcorrespondstoasqueezeddistribution
ofonevariabledescribingthestate.Inthecaseofaparametricdown-conversionstatedescribed
byEq.(3.16),thenormalisedvarianceofthepopulationdiﬀerencebetweenbeamsaandbis
givenby
V= ∆N
2−∆N2
Na+Nb (3.41)
andisequalto0,since∆N2 = ∆N2=0,correspondingtoamaximalysqueezedstate.
However,thisresultassumesaperfectdetectioneﬃciency.Ifmostoftheatomsarelost
duetolowdetectioneﬃciency,thentheﬂuctuationincreasesand,sincethelossisaclassical
process,thedistributionevolvestoaPoissonlaw. Toquantifythiseﬀect,onecandescribe
thedetectioneﬃciencyasabeam-spliterwithacoeﬃcientoftransmission√η,withηthe
detectioneﬃciency.Considertheeﬀectonthevarianceofthevariablenˆa=aˆ†ˆa.Theoperator
aˆ,duetotheactionofthebeam-spliter,transformsinto
aˆ†=√ηˆa†+ 1−ηOˆ†,
whereOˆ†isthevacuumoperatorattheotherinputportofthebeam-spliter.Theaveraged
quantitycanbewritenas
nˆ2a =η2nˆ2a+η(1−η)ˆna,
while
nˆa2=η2nˆa2,
andnˆa=ηnˆa.Theexpressionforthedetectedvarianceisthengivenby
Vdet=ηV+(1−η), (3.42)
whereVcorrespondstotherealnormalisedvarianceofthevariable.Itisthenclearthateven
iftheinitialstatehasazerovariance,thedetectedvariancecanincreasetotheshotnoiselimit
(V=1)ifη→ 0. Ontheotherhand,ifoneassumesthattheinputstatehasanalmostzero
variance,thenthemeasurementofsubshotnoiseﬂuctuationprovidesanestimationofthe
detectioneﬃciencyη.
ThenormalisedvarianceofthepopulationdiﬀerencecorrespondingtoEq.(3.41)isrecovered
forouratomicbeams.Theatomnumberinsidetwodiﬀerentboxes,A,ﬁxedontopofbeam
a,andB,movingfromAtowardsbeamb,arecompared.Theintegrationvolumes(AandB)
correspondtoΩV= ∆k2⊥×∆kz = 0.262×0.19k3rec.ThevalueofthenormalisedvarianceisshowedinFig.3.25asafunctionoftheanalysisbox,B.ItispossibletoseethatwhenBisontop
ofAthevariancegoesartiﬁcialytozeroandwhenBiscentredontopofbeamb(corresponding
totheredshadedarea)thevariancefalsbelowtheshot-noisethreshold,reachingaminimum
valueof0.75(5).
Thisresultmeansthatbeamaandbcorrespondtoapairandthattheirstatehasstronger-
than-classicalcorrelations. Thisisfundamentalinordertoperformquantumatomoptics
experiments.
Assumingthatthevarianceisequaltozero,onecanthenrecoverthedetectioneﬃciencyη.
SincenothingcanguaranteethatV=0,wecanonlyarguethatthedetectioneﬃciencycannot
belowerthanηmin=1−Vdet..Inourexperiment,thisresultsinηmin.=25(5)%.
Thisalowsustogivealowerboundof25(5)%toourdetectioneﬃciency.
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Figure3.25:Varianceofthediﬀerenceofpopulationasafunctionofthepositionoftheanalysedzones.Theatom
numberinsidetwodiﬀerentboxes,A,ﬁxedontopofbeama,andB,movingfromAtowardsbeamb,arecompared.Areduction
belowshot-noiseisclearlyvisiblewhenthesecondzone,B,iscentredontopofbeamb(bluecircles).Thebotomcanvas
correspondstoazoomperformedontheupperone.Beambisrepresentedinredshadedcolourforguidance.
Cauchy-Schwarzinequality
AcomplementarystudyisdoneusingtheCauchy–Schwarz(CS)inequality.InRef.[96],itis
shownthattheCSinequalitycanbeadaptedtointegratedquantities. Theviolationofthis
inequalityforthecorrelationfunctionsindicatesthatthecross-correlationbetweentheatomic
beamscannotbeclassicalydescribed.Thisisthenrelatedtothemeasurementofthenormalised
variancedescribedpreviously.
Letusconsiderthenon-normalisedcorrelationfunctiondescribedby
G(2)ij= NˆiˆNj=
η2
ΩViΩVj ΩVi
d3ki
ΩVj
d3kj˜G(2)ki,kj , (3.43)
whereG˜(2)ki,kj= nˆ(ki)ˆn(kj)correspondstothesecond-ordercorrelationfunctionbetween
theatomnumberdensitiesˆn(k)attwopointsinmomentumspace.Thevolumesofintegration
ΩVi,jaredeﬁnedas
ΩVi,j= ∆k2⊥∆kzk3lat,
withtheintegrationlengthsalongthelongitudinal,z−axis(∆kz),andtransverseaxis,x−and
y−axis(∆k⊥).
Foridenticalmodeoccupancy,thatisna= nbandG(2)aa=G(2)bb,thenormalisedvarianceofthediﬀerencecanthenbewritenas
V=1+G
(2)
aa−G(2)ab
na
=1+(1−C)G
(2)
aa
na,
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wheretheparameterCcorrespondstothecorrelationcoeﬃcient
C=G(2)ab/G(2)aa,
orinitsmoregeneralform
C=G(2)ab/ G(2)aaG(2)bb. (3.44)
OnecanseethatforC>1itispossibletorecoverasub-shotnoisevarianceandcorrespondsto
aviolationoftheCauchy-Schwarzinequality
G(2)ab≤ G(2)aaG(2)bb. (3.45)
Thecorrelationcoeﬃcient(C)isthensmalerthanoneforaclassicalstateandlargerfor
stateswithstronger-than-classicalcorrelations,inthecaseofindistinguishableparticles[97],as
discussedinSection1.2.
InFig.3.26thecoeﬃcientparameterCismeasuredfromtheexperimentaldataasafunction
oftheintegrationvolumesΩVaandΩVbcentredontheatomicbeamsaandb,respectively.
TheintegrationvolumecorrespondstoaparalelepipedofsizeΩV = ∆k2⊥×∆kz k3lat.InFig.3.26a)werepresentthevalueofCforaﬁxedintegrationlengthalongthetransverse
direction,∆k⊥=0.048klat,asafunctionoftheintegrationlengthalongtheverticalaxis,∆kz.In
Fig.3.26b),ontheotherhand,werepresentCforaﬁxed∆kz=0.028klatasafunctionofavarying
∆k⊥.Itispossibletoseethat,forsmalintegrationvolumes,theviolationoftheCSinequality
increasesuntilitreachesaplateau.Theoptimisedvolumeofintegrationisapproximatively
equaltothecross-correlationwidthassummarisedinTable3.1. Thisiscoherentwiththe
factthatCdecreaseswhenthevolumeofintegrationreachesthecross-correlationwidth(as
discussedinsupplementarymaterialofRef.[96]).
Anoptimisedvolumecorrespondingto
ΩVa=ΩVb= ∆k2⊥∆kz= 0.0482×0.028 k3lat
isrepresentedinFig.3.26a)andb)byaredcircle.
Werecoveravalueof C=1.75(20)whichproves,oncemore,thatthetwoatomicbeamsare
stronglycorrelated.
3.5 Conclusions
Wehaveshowedthattheatomicbeamsproducedviadynamicalinstabilitiesinamoving1D
laticeconstituteapairwisesystemwithstronger-than-classicalcorrelation.Thispairproduc-
tionmechanismalowsustopreciselytunethemomentumdiﬀerencebetweenthetwoatomic
beamsandtheirmodeoccupancy.
Certaindetailsconcerningtheatomicpaircreationandpropagationarestilopenquestions
thatwilbeaddressedinthenearfuture.However,thepaircreationprocessissuﬃcientlyunder
controltoalowsustouseitininterferometricscheme,asforexample,theHOMexperiment.
Table3.3summarisesaltherelevantmeasurementsperformedalongthisChapter. The
diﬀerentwidthsmeasuredforboththeauto-andcross-correlationandtheoptimisedvolume
ofintegrationforCSinequalityviolationaregiven.Theestimatednumberofmodesalongthe
longitudinalandtransversedirectionandthedistributionwidtharealsoprovided.
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Figure3.26:CorrelationparameterCasafunctionoftheintegrationvolume.ThecorrelationparameterC,indicating
aviolationoftheCSinequalityforC>1,isrepresentedasafunctionoftheintegrationvolumealongthe:a)longitudinal
axiswithintegrationlengthalongbothtransversedirectionsﬁxedto∆k⊥=0.05klat;b)transverseaxiswithintegrationlength
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Local Cross CSinequality
Clouda Cloudb
σz(klat) 0.012(2) 0.010(2) 0.025(3)
σ⊥ (klat) 0.05(1) 0.04(2) 0.08(1)
σn(k)z(klat) 0.06(1) 0.06(2)
σn(k)⊥ (klat) 0.08(1) 0.08(2)
Nmodes,z 5(1) 6(2)
Nmodes,⊥ 1.5(5) 1.5(5)
∆kc,z(klat) 0.028
∆kc,⊥(klat) 0.048
Table3.3:Summaryofthedensityproﬁlewidthsandcorrelationfunctionsforbeamsaandb.
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StanisławLeminCyberiad
Inthischapter,wewildiscusstherealisationofanatomic50:50beam-spliterandmirror.
Withthegoalofthisprojectbeingtherealisationofa two-atominterferometer,oneneedstobe
abletocoherentlymanipulatetheatomicpairs.Todoso,wewilshowinthischapterhowone
canuseBraggdiﬀractiontoperformanatomicmirrorand50:50beam-spliterinmomentum
space.ThebasictheoreticaldescriptionisbrieﬂyreviewedinSection4.1andthecalibrationon
theBECperformedinSection4.2andontheatomicpairsinSection4.3,respectively.Thenoise
addedbythebeam-spiteranditsphasestabilityaredescribedinSection4.4andSection4.5.
InSection4.6,theautocorrelationofbeambisrecoveredaftersplitingthebeamviaa50:50
beam-spliter,inverycloseanalogytowhatisperformedinquantumoptics.
ExperimentalrequisitestowardstheHOMexperiment:atomicbeam-spliter
4.1 Braggdiﬀraction
Braggdiﬀractionconsistsinanelasticmultiphotondeﬂectionprocessbywhichtheatomicde
Brogliewaveiscoherentlydiﬀractedbyaperiodicdipolepotential[116].Thistranslatestoa
populationtransferofanatomwithmomentumktoanothermomentumk.
FocussingonthetemporalevolutionofaBECinaperiodicpotential,letusconsiderthe
condensateasaplanewavewithquasi-momentumq0
φq0(z)= 1√Lz
eiq0z,
andstudyitstemporalevolutioninaperiodicpotentialasafunctionofthelaticeduration.
Thiswilshowushowtoperformanatomicmirroraswelasa50:50beam-spliter.
Attimet=0,anopticallaticeisturnedon.ThewavefunctionoftheBECisthenprojected
toBlochwavesdescribedby
|Φ(t=0)=
∞
n=0
|ψn,q0 ψn,q0|φq0 (4.1)
where ψn,q0|φq0 =a∗n,m=0(q)asdescribedinChapter3.Thesystemevolvesand,atanygiventimet,thestateisdescribedby
|Φ(t)=
∞
n=0
a∗n,0(q0)e−iEn,q0t/|ψn,q0 , (4.2)
withEn,q0theenergyforthequasi-momentumq0intheenergybandnand
|ψn,q0 =
∞
m=−∞
an,m(q0)|φq0+2mklat
theassociatedBlochwave,where|φq0+2mklat correspondstoaplanewaveofquasi-momentumq0+2mklatandklatrepresentstheperiodicityoftheconsideredlaticeinmomentumspace.For
ashalowlatice,forinstanceV0=0.8Elat(asusedinmostofourexperiments),onlythetwo
ﬁrstcoeﬃcientsa0,0,a1,0arenonnegligiblesinceonlythosehavenonvanishingvaluesinthe
1stBrilouinzoneasshowninFig.4.1.Thereforethewave-functionatatimet,considering
onlyﬁrstneighbourscoeﬃcients(m=±1),whichisagoodapproximationforshalowlatices,
canthenbere-writenas
|Φ(t)=a∗0,0(q0)e−iE0,q0t/|ψ0,q0 +a∗1,0(q0)e−iE1,q0t/|ψ1,q0
=
m=1
m=−1
a∗0,0(q0)a0,m(q0)e−iE0,q0t/+a∗1,0a1,me−iE1,q0t/ |φq0+2mklat.
Fort=τ,thelaticeissuddenlyswitchedoﬀandthestateisprojectedtotheplanewave
basisthatcorrespondstothemeasurementbasis.Theamplitudeofprobabilityb0associatedto
thediﬀractedquasi-momentumq0andb±1associatedtoq0±2klatisthengivenby[173,179]
b0(q0,τ)=a0,0(q0)2e−iE0,q0τ/+a1,0(q0)2e−iE1,q0τ/, (4.3a)
b±1(q0,τ)=a∗0,0(q0)a0,±1(q0)e−iE0,q0τ/+a∗1,0(q0)a1,±1(q0)e−iE1,q0τ/. (4.3b)
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Figure4.1:CoeﬃcientsvaluesofthedecompositionintoBlochwavesforaplanewavefunctionwithquasi-
momentumq0loadedsuddenlyinalatticeofdepthequalto0.8Elat.
Letusconsiderthesimplestcase,oftenusedfortheatomicbeam-spliter,ofq0=−klat.For
thisinitialquasi-momentuma0,02=a1,02=0.5(seeFig.4.1)anda∗0,0a0,1=−0.5,a∗1,0a1,1=0.5,a∗0,0a0,−1=a∗1,0a1,−1=0(seeinFig.4.2).
Thewavefunctionattimeτ,inthemeasurementbasis,isthendescribedby
|Φ(τ)=e−iE1,−klat+E0,−klatτ/ cos∆Eτ/2|φ−klat +eiϕsin∆Eτ/2|φ−klat+2klat
withϕaphaseaccumulatedduringtheBraggdiﬀractionprocess1and∆Eequalto[177]
∆E=E1,−klat−E0,−klat= ΩR=Elat+3V04 −Elat+
V0
4 =
V0
2,
whereΩRcorrespondstothetwo-photonRabifrequencyandElattotherecoilenergygivenby
thelatice.Thewavefunctionasafunctionofτcanthenbewritenas
|Φ(τ)=eiθcos(ΩRτ/2)|φ−klat +eiϕsin(ΩRτ/2)|φ−klat+2klat ,
andtheprobabilitytoﬁndanatomineitherq=−klatorq=−klat+2klat=klatafteracertain
timeτisequalto
P−klat(τ)=cos2(ΩRτ/2), (4.4a)
Pklat(τ)=sin2(ΩRτ/2). (4.4b)
Thepopulationbetween−klatandklatoscilatesovertimeasitisrepresentedinFig.4.3for
thecaseofalaticedepthequalto0.8Elat.ThisoscilationcorrespondstoaRabioscilation
[177].
Thevalueofτalowsonetocoherentlyexchangethepopulationbetweenthetwomomenta,
withacertainprobability.Thetwoimportantcasesare
•ΩRτ=πthatcorrespondstoatotalinversionofpopulations—anatomicmirror;
•ΩRτ=π/2thatcorrespondstoa50:50exchangeofpopulations—50:50beam-spliter.
1Thisphasecancorrespondtothephasediﬀerencebetweenthetwolaserbeamsformingthelatice.
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Figure4.2:Crossedcoeﬃcientsvaluesofa∗0,0a0,1,a∗1,0a1,1,a∗0,−1a0,−1anda∗1,0a1,−1asafunctionofthequasi-momentumq.Thecoeﬃcientsproducta∗0,0a0,1(inorange),a∗1,0a1,1(ingreen),a∗0,−1a0,−1(indashedred)anda∗1,0a1,−1(indashedblue)arerepresentedasafunctionofqforV0=0.8Elat.Fortheexamplegiveninthetextofq=−1klatoneseesthatnon-zeroterms
correspondtoa∗0,0a0,1anda∗1,0a1,1correspondingtoadiﬀractionofpopulationintoq=+1klat
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Figure4.3:ExampleofaRabioscilation.Rabioscilationofthepopulationbetweenthequasi-momenta+klatand−klat
foralaticedepthofV0=0.8Elat.Theinitialquasi-momentumq0isequalto−1klatsuchthattheprobabilitytodiﬀractto
q0+2klat=klatismaximum.
Thesetwocasesareveryoftenusedasatomic mirrorandbeam-spliterin momentum
space[43].Forthe50:50beam-spliter,essentialfortheHOMexperiment,thewavefunction
correspondsthento
|Φ(τ= π2ΩR)=
1√2 |φ−klat +e
iϕ|φklat
andonerecoversthescateringmatrixnotationforthe50:50beam-spliterusedinChapter1.
Resonancecondition
Inthecaseofanon-resonantinitialquasi-momentum,meaningthatqiscloseto−klatbutnot
equal,theequationsaremorecomplicated. OnecanseefromFig.4.1andFig.4.2thatthe
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Figure4.4:ComparisonbetweenaRabioscilationatresonanceandoutofresonance.a)Rabioscilationatresonance
(δ=0),b)Rabioscilationoutofresonance(δ/ΩR=0.6).
probabilityamplitudesarediﬀerentwhencomparedtotheresonantcaseandthatthetransfer
probabilitylowers. Besidesthiseﬀectalsotheoscilationfrequencychanges. Theeﬀective
frequencyisnowequalto
Ωeﬀ=∆E=1
V20
4+
2
2m
2
q20−(q0+2klat)2
2 (4.5)
= Ω2R+δ2, (4.6)
whereδ= 2m q20−(q0+2klat)2 correspondstothefrequencyshifttowardsresonance. Thetransferprobabilitycanthenbewritenas
P(q0+2klat)=
Ω2R
Ω2R+δ2
×sin2 Ω2R+δ2τ/2. (4.7)
AsshowninFig.4.4,forδ=0thepopulationinklatand−klatoscilatewithfrequencyΩR
fromzerotounitywithoppositephase. Whenδ 0,thepopulationtransferdoesnotreach
unityandtheoscilationfrequencyincreasesasdescribedinEq.(4.6).
Inordertoeﬀectivelyexchangethepopulationsbetweenthetwomomenta,itisthencrucial
toverifytheresonancecondition,thatcorrespondstoq0=−klat.Considerthecaseofanatom
atrestinthelaboratoryframeofreference.Inthelaticeframeofreference,theatomhasa
velocityequaltothevelocityofthelaticebutintheoppositedirection.Theatomicvelocityis
thengivenby
vBEC=−vlat=−klatm ,
withvBECthespeedoftheatom.Theatomspeedcorrespondsthentotheinversevelocityof
theopticallaticewhichisgivenbythefrequencydiﬀerence,ω2−ω1,ofthetwolaserbeams
responsibleforthelatice.Onecanthuswritetheresonanceconditionas
δ0=ω2−ω1=−4Elat/, (4.8)
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Figure4.5:ResonanceconditionforBraggdiﬀraction.Braggdiﬀractionprobabilityasafunctionoftheresonance
detuningδforalaticedurationofa)τ=π/2ΩR,b)τ=3π/ΩRandc)τ=5π/2ΩR.
withδ0thefrequencydiﬀerencebetweenthetwolaserbeamssuchthatq0=−klat.
Iftheatomisnotatrestinthelaboratoryframeofreference,theresonanceisshiftedbyδ
deﬁnedas
δ=−2vinit.·vlat|vlat|klat/, (4.9)
withvinittheatomvelocityinthelaboratoryframeofreference.
Experimentaly,onecanﬁndtheresonanceconditionbykeepingτconstantandvaryingthe
valueofδlat=ω2−ω1.Theresonancecorrespondsthentothevalueofδlat=δ0forwhich
thetransfereﬃciencyreachesitsmaximumvalue. However,thevalueofτhastobechosen
carefuly.Thetransferofpopulationasafunctionofδlat/δ0iscomparedinFig.4.5fordiﬀerent
durationτ. Onecanseethatforτ= 5π2ΩR,themosteﬃcienttransferisreachedforavalueofδlat δ0. Meaningthatonewiltend,inordertoincreasethetransfereﬃciencyatﬁxedvalue
ofτ,togetoutofresonance.Inordertoavoidthismisalignment,theresonancecalibrationhas
tobeperformedatτ≈ 3π2ΩRwherethetransfereﬃciencyisalwaysmaximumforδlat=δ0andtheresonanceisthinnerthaninthecaseτ= π2ΩR.
4.2 Beam-splitercalibrationwiththeBEC
InthisSection,thecharacterisationofthebeam-spliterlatice,responsibleforbothatomicmirror
and50:50beam-spliter,isdescribed.Thecalibrationisﬁrstperformedonthecondensate.This
alowsustocalibratethebeam-spliteronacoherentsourcewithasmal momentumspread
andtolaterapplyourresultstotheatomicpairs.
Thebeam-spliterlaticeisformedbytwolaserbeamswithaﬂatintensityproﬁleofradius
1.0mm,wavelengthequaltoλ0=1083nmandrelativeanglebetweenthetwobeamsθ=32.5◦.
Theperiodicityinmomentumspaceofthelaticeisequaltokbms/2=sin(θ/2)2πλ02.Thetwo-
2kbmscorrespondstothemomentumgiventotheatomsafterdiﬀraction.
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Figure4.6:Representationoftheatomictransition23S1→23P0usedfortheatomicbeam-splitter.Theenergetic
diﬀerencebetweenthesublevelsmj=±1isduetoamagneticbiasﬁeldof3G.Thiscorrespondstoanenergydiﬀerenceof
×2π×8.2MHz.
photonRabifrequencyisequalto[153]
ΩR=V02=
Γ2I0d20,0
4Isat∆ ,
wherethedetuning∆isequalto2π×600MHzandd0,0= 1√3correspondstothedipolematrix
elementassociatedtothetransition23S1→23P0representedinFig.4.6.
Forthe600MHzdetuning,theeﬀectivespontaneousrateΓsp.isequalto0.17ms−1.Forthe
applicationtimeofthemirror(100µs)theheatingduetospontaneousemissioncorrespondsto
Tmirror=64nK
andforthecaseofthe50-50beam-spliterduration(50µs)to
Tbms=32nK.
Theresonancecondition,accordingtoEq.(4.9),correspondsthento
δ0=−
k2bms
2m =−2π×13kHz,
foranatomatrestinthelaboratoryframeofreference.
4.2.1 Geometricalalignmentofthebeam-spliter
Sincethepaircreationisperformedalongtheverticalaxis,itisimportanttoguaranteethatthe
beam-spliterlaticeisalsovertical.Thealignmentisperformedbydiﬀractingthecondensate
toseveraldiﬀractionordersviatheapplicationofaverystronglaticeforaveryshorttime,
correspondingtotheKapitza-Diracregime[197].Ifthelaticeispurelyalignedalongthe
verticalaxis,themomentumdiﬀerencevectorbetweenthediﬀerentordersofdiﬀractionwil
onlyhaveanon-zerocomponentalongtheverticalz−axis.Thiscorrespondstoseveralatomic
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cloudsseparatedinmomentumspacebythequantitykbmsalongthez−axisandwithzero
transversecomponents.However,ifthealignmentisnotperfect,thismeansthatthelaticehas
asmalanglewithrespecttotheverticaldirection,eachdiﬀractedcloudwilhaveanon-zero
momentumcomponentalongthex−and/ory−axis.ThekeyadvantageoftheKapitza-Dirac
regimeisthat,sincethecloudisdiﬀractedseveraltimes,wehaveaccesstoahighmultipleof
themomentumvectorgiventoeachatom.Evenifonevectorcomponentsissmal,sinceitis
multipliedseveraltimes,wewilbeabletomeasureit.
ThisisrepresentedinthetwoleftpanelsofFig.4.7. Weshowa2Dmomentumdistribution
onthexzandyz−planeafterstrongdiﬀractionofthecondensateinthebeam-spliterlatice.It
ispossibletoseeﬁvediﬀractedcloudscorrespondingtothediﬀractionordersfrom−2to+3.To
avoidsaturationofthedetector,theRamantransfereﬃciencyisloweredsuchthatonlyasmal
fractionoftheBECisdetected(seemoreaboutourRamantransferinAppendixC).Fig.4.7a)
andc)correspondtoa2Ddistributiononthexy−planeofthediﬀractedpeakat+3kbmsand
−2kbms,respectively.Althoughitisnotpossible,withinourtransverseresolution,toidentifyany
modiﬁcationalongthetransversey−axis,asmalshiftisvisiblealongthex−axis.Toquantify
thisshift,acutalongthex−axisisshownincanvasb)andd).Byﬁtingthedistributionwith
aGaussian,weﬁndthatthediﬀractedcloudat+3kbmsiscentredat3×10−2(1)klatwhilethe
diﬀractedcloudat−2kbmsisat−4×10−2(1)klat.Thiscorrespondstoashiftalongthex−axisof
7×10−2(2)klataccumulatedover5diﬀractionorders. Wethusmeasureanacquiredmomentum
alongthex−axisof1.4×10−2(3)klatperorderofdiﬀraction.Thisisrelatedtoananglealong
thex−axisbetweenthetwolaserbeamsformingthelatice
θx=2sin−11.4×10−2/2×108310641/sin(166
◦/2)=0.82◦.
Boththemirrorandthe50:50beam-splitercorrespondto1storderdiﬀractionandtheangle
alongthex−axiswilhaveanegligibleeﬀectsincetheaccumulatemomentumisofthesame
orderastheresolutionofthedetector.Inthissense,thebeam-spliterlaticecanbe,underﬁrst
orderdiﬀraction,consideredasa1Dverticallatice.
Sincethecloudisdiﬀractedseveraltimes,forthecaseoftheKapitza-Diracregime,alongthe
verticaldirectionandeachpeakofFig.4.7e)correspondstoanintegerofkbms,itispossibleto
measure,veryprecisely,thevalueofkbms.Byﬁtingtheﬁvediﬀractedpeaksalongthevertical
directionweﬁndavalueofkbms=0.550(5)klat.
4.2.2 AlignmentviaBraggdiﬀraction
Asforthecaseofthepairproductionlatice,onehastoguaranteethatthelaserbeamsforming
thebeam-spliterlaticeoverlapontheatomiccloud.Sincethewavelengthofbothbeams
isclosetotheatomictransition,onecannotusetherepulsivedipoleforce,asperformedin
Chapter3andthealignmentisperformedthroughRabioscilationmeasurement.Asbefore,
theRabioscilationisobtainedbycomparingthenumberofatomsat+kbmswiththeones
stayingat0withatransfereﬃciencygivenby
eﬀ= N(kbms)N(kbms)+N(0), (4.10)
whereN(k)standsforthenumberofatomswithmomentumk.Theoscilationisdisplayed
inFig.4.8whereamaximumtransferof0.94(3)isobtainedforatwo-photonRabifrequency
equalto6.0(1)kHz.Thisexperimentalvalueagreeswel withtheexpectedtheoreticalvalueof
ΩR=
Γ2I0d20,0
4Isat∆ =2π×7kHz,
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Figure4.7:Kapitza-Diracdiﬀractionofthecondensateviathebeam-splitteropticallattice.Eachimagecorresponds
toanaverageover30identicalexperimentalrealisations.Leftpanels:2Dmomentumdistributiononthexzandyz−planesofthe
atomsafterdiﬀractiononthebeam-spliteropticallatice.Diﬀractionofthecondensatebythebeam-spliterlatice:alignment
alongtheverticalaxis.Rightpanels:a)2Dmomentumdistributiononthexy−planeofthediﬀractionorder+3corresponding
toamomentumalongtheverticalz−axisof3kbms.b)Cutalongthex−axisofthe2Dmomentumdistributionofpanela).The
centerofthecloudisdeterminedbyaGaussianﬁtandequalsto3×10−2(1)klat.c)2Dmomentumdistributiononthexy−plane
ofthediﬀractionorder−2correspondingtoamomentumalongtheverticalz−axisof−2kbms.d)Cutalongthex−axisofthe
2Dmomentumdistributionofpanelc).ThecenterofthecloudisdeterminedbyaGaussianﬁtandequalsto−4×10−2(1)klat.
e)Cutalongthez−axisofthediﬀractionpatern.Thetransverseintegrationareaisequalto0.05×10−22(k2lat)
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Figure4.8:Optimisedtwo-photonRabioscilationofthecondensateonthebeam-splitteropticallattice. The
laticeisshinnedontheatomsandkeptforacertaindurationτ.Bycomparingthepopulationsbetweenthediﬀractedpeakand
theinitialcloudasdescribedbyEq.(4.10),weretrievethefolowingoscilationcurvecorrespondingtoaRabioscilation. We
usedafrequencysweepforoneofthelaserbeamsequalto4.7kHz/msinordertocompensatethegravityacceleration(blue
circles).TheoscilationisﬁtedbyEq.(4.7)withfreeparametersΩRandtheamplitudetransferprobability.
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obtainedforabeamintensityof10µW/mm2. Wethusconcludethatthelaticeiswelaligned
ontheatoms.
Thecurveof4.8givesustwoinformations. First,thatonecancoherentlytransferthe
populationbetweentheexternalstates|φk=0 and|φk=kbms formorethan1msafterwhichde-coherence,mainlycomingfromspontaneousemission(Γsp=0.17ms−1),lowersthetransfer
eﬃciency.Andsecond,italowsustodeterminetheduration,τ,inordertoperformeithera
50:50beam-spliteroramirror.
4.2.3 Resonanceconditioninfreespace
Boththe50:50beam-spliterandmirrorareappliedafterreleasingtheatomsfromthetrapping
potential.Inordertostayatresonancewiththeatoms,onehastoplacethelaticeinan
acceleratingframeofreferenceinordertocompensatetheshiftinducedbythegravitational
acceleration.Forthispurposeafrequencysweepisappliedtooneofthelaserbeams.Another
frequencyshiftcomesfromthefactthattheatomsareimmediatelytransferred,viatwo-photon
Ramanscatering,totheinsensitivemagneticﬁeldmj=0. Duetothegeometryofthetwo
lasersbeamsresponsiblefortheRamantransitionasmal momentum,kRaman=+0.2klat,along
theverticaldirectionisgiventotheatom(seeAppendixCformoredetails).
ThesetwoeﬀectsleadtoashiftintheBraggdiﬀractionresonancethatneedstobecompen-
sated.Theconditionofresonancecanthenbewritenas
δlat=ω2−ω1=δ0=−
k2bms
2m +kbmsgt−
kRamankbms
m , (4.11)
withkbmsg=2π×5.07kHz/ms.Thismeansthatifthelaticeisnotplacedinthefreefalframe
ofreference,after1ms,theresonancehasshifted2π×5.07kHz.Knowingthatforthetypical
intensityofthebeam-spliterlaticetheresonancewidthatt=3π/2ΩRisapproximatively
equalto2π×5kHz,seeFig.4.9forinstance,onecanimmediatelyunderstandthatiftheshift
isnotcompensateonegets,veryrapidly,outofresonance.
Toexperimentalygetthetemporalevolutionoftheresonancecondition,weprobethe
resonantfrequencydiﬀerenceδ0asafunctionofthetimedelay,T,betweentheendoftheRaman
transferandthebeam-spliterlaticeapplication(seeFig.4.10toppanel,redcircles). Weﬁnd,
fromthelinearﬁt,thatthefrequencydiﬀerenceevolvesat4.7(5)kHz/ms,compatiblewiththe
theoreticalpredictionof5.07kHz/ms. Wethentestseveralcompensationratesat3.9(3),4.7(3)
and6.6(3)kHz/ms.Forafrequencysweeprateof4.7(3)kHz/ms,theresonanceisalmost
constantoverT,thismeansthatonehascompensatetheshiftinducedbythegravitational
acceleration3.TheeﬀectoftheoptimisedcompensationisvisibleintheRabioscilationas
showninFig.4.10(botompanel). Whenthecompensationrateisequalto4.7kHz/ms,the
oscilationis maintainedovert>1ms(redcircles),whilewithoutanycompensation,the
oscilationvanishesafter200µs(bluecircles).
ThevalueofthedetuningattimeT=0correspondstothequantity
δ0=−
k2bms
2m −
kRamankbms
m =−2π×23.6(3)kHz,
inagreementwiththeexpectedresultof−2π×22.7kHz.
3Thediﬀerencewithrespecttothetheoreticalpredictioncomesfromthefactthat,atthetimethismeasurement
wasdone,wedidnothaveinourexperimentaspectrumanalyserabletodemodulatethefrequencyramp. More
recently,thisalignmenthasbeenrepeatedandaoptimisedfrequencycompensationwasobtainedfor5.0kHz/ms
inagreementwiththetheoreticalprediction.
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Figure4.10:GravityaccelerationcompensationfortheBraggdiﬀractionresonance.Upperpanel:Displacementof
theresonanceforacompensationrateof0(redcurve),3.9(greenline),4.7(blueline)and6.6kHz/ms(orangeline).The
theoreticaloptimalgravitycompensationrateisequalto5.07kHz/msingoodagreementwithourmeasurement.Botompanel:
Two-photonRabioscilationforthecaseofanoptimisedgravitycompensation(redcircles)andwithoutgravitycompensation
(bluecircles).
4.2.4 50:50beam-spliterandmirrorstability
TheatomicHOMexperimentconsistsinseveralrepetitionsofthesameexperimentalprocedure
wheretwoatomsarerecombinedona50:50beam-spliter.Oneimportantaspecttoensureis
thestabilityofthe50:50beam-spliteraswelastheoneofthemirror.
Forthispurpose,atestisdonewithaBECweaklytransferredtothestatemj=0to
avoiddetectionsaturation. Wethenperformamirrorand50:50beam-spliterover30diﬀerent
realisations.Thetransmissioneﬃciencyandreﬂectanceforbothsituationsareestimatedandthe
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Figure4.11:Calibrationofthebeam-splittertransmittanceandlossesforbothmirrorandbeam-splitterapplica-
tions.Leftpanel:Reproducibilityofthe50:50beam-spliteroperation(redhistogram)andmirror(bluehistogram).Righttop
panel:Lossesinducedbythe50:50beam-spliter.Rightbotompanel:Lossesinducedbythemirror.
reﬂectanceofeachrealisationisshowninFig.4.11whereeachbincorrespondstoareﬂectance
ofonepercent,
•Fora50:50beam-spliter–ΩRτ=π/2=50µs–,thedistributioniscentredarounda
reﬂectanceof0.51andhasastandarddeviationof0.02(redhistograms);
•Forthemirror–ΩRτ=π=100µs–thereﬂectivityiscentredon0.93andthedistribution
presentsastandarddeviationof0.02(bluehistograms).
Wealsoobserveaweakpopulationtransfertohigherdiﬀractionorders.Thesehighorders
diﬀractionsrepresentlossesinourbeam-spliteroperations.Toquantitativelymeasurethem,
thepopulationspresentinnon-resonantdiﬀractionordersarecomparedtotheonespresentin
the0and+1.Thelossescorrespondto
Losses= N(|k|>2kbms)N(0)+N(2kbms)+N(|k|>2kbms)
andareplotedinthetworightpanelsofFig.4.11.Thelossesassociatedwiththemirrorhave
anaveragevalueof0.03andthedistributionover30realisationspresentsastandarddeviation
of0.01.Forthebeam-spliterthelosseshaveanaveragevalueof0.05andastandarddeviation
of0.01.However,asshownindetailinAppendixD,thesesmalimperfectionshavenegligible
impactontheHOMresult.
4.3 Beam-spliterusedontheatomicpairs
Withtheﬁrstcalibrationsofthebeam-spliterdonesofaronthecondensate,letusnowadjust
themtotheatomicbeams.
Resonanceconditionfortheatomicpairs
Sincethepairsaremovinginthelaboratoryframeofreference,thefrequencydiﬀerencebetween
thetwolaserbeamsformingthebeam-spliterlaticehastobeadjustedtothemomentum
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Figure4.12:Calibrationofthebeam-splitterresonanceontheatomicpairs. Fromtoptobotomthefrequency
diﬀerencecorrespondsto:a)δlat=2π×85kHz,b)74kHz,c)66kHz,d)57kHz.Theblueandredboxesrepresenttheinitial
positionsofbeamaandb.Thearrowsinorangeindicatethediﬀractedclassesofmomenta.Thediﬀerencebetweenthetwo
isalwaysequalto∆kbms=0.55klatandcorrespondstothemomentumperiodicityofthebeam-spliterlatice.Thediﬀraction
alwaysoccursfromlowertohighermomentumasindicatedbythedirectionoftheblackarrow.
diﬀerenceofatomicbeamsaandb.Sincethebeam-spliterexchangesthetwoatomicbeams,
theconditionofresonanceforbeama,withmomentumka,tobetransferredintoka+kbmsisthe
samethantheoneoftransferringbeamb,withmomentumkb,intokb−kbms.FromEq.(4.11)
andknowingthatbeamahasaninitialmomentumka=0.73(1)klatalongtheverticaldirection
(beambcorrespondstokb=1.27(2)klat=ka+kbms),weﬁndthatbeamaisatresonancefora
frequencydiﬀerentequaltoδ0=2π×58kHz.
Contrarytowhathappenswiththecondensate,wherethediﬀractedpopulationiseasily
measurable,fortheatomicpairsthesituationismorecomplicatedsincethediﬀractionofbeam
aisgoingtosuperimposewithbeamb.Thus,bymeasuringthetransfereﬃciency,onecan
neverreachzeronorone,sincebothexternalstateshavenon-zeropopulationatthebeginning
oftheinteraction.
Thesolutionistotakeadvantageofthebackgroundpopulationbetweenbeamsaandb
seeninSection3.3. Onecanthenlookatthepopulationtransfertotheorder+1foratoms
withmomentumequalorlowerthankbbuthigherthanka,suchthattheydiﬀracttoclassesof
momentawherethepopulationsarezerobeforeapplicationofthebeam-spliter.
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Figure4.13:Eﬀectofthebeam-splitterapplicationonthevarianceofthediﬀerencebetweentheatomicpairs.
Varianceasafunctionoftheanalysedzonefortheatomicpairsafterapplicationofamirror(redcurve)ordirectlyafter
producingthepairs(bluecurve).Theapplicationofthemirrorleadstoasmalincreaseoftheﬂuctuations.
ThisisshowninFig.4.12wheretheeﬀectofthebeam-spliterlatice,calibratedsuchthatit
actsasamirror,ontheatomicdistributionisrepresentedasafunctionofthelaserdetuningδlat.
Theblueandredshadedareaindicatetheinitialcentralpositionofbeamaandb,respectively.
Theorangearrowsshowthediﬀractedpopulation,withthearrowontheleftindicatingthe
atomsatresonanceandtherightonethetransferredpopulation.
Fig.4.12a)correspondstothesituationforwhichthelaticehasafrequencydiﬀerenceof
2π×84kHz,almostatresonancewithbeamb.Asexpectedforthecaseofaπpulse,theatomic
beambhasacentralholeandadiﬀractedcloudisvisibleatkb+kbms.Thehalf-widthofthe
diﬀractedpeakat1/√e,asafunctionofk,isequalto0.06klatandcorrespondstotheresonance
widthofthemirrorinmomentumspace.Canvasb)correspondstoδ0=2π×74kHzwhich,
theoreticaly,isresonantwithk=1.066klatandaholeisvisiblearoundthisvalue.Thethird
canvascorrespondstoδ0=2π×66kHz,thediﬀractedcloudisnolongerdistinguishablefrom
beamb,sincethetransferredatomsareexpectedat1.45klatandoverlapwiththoseofbeamb.
Forthesamereason,thetransfereﬃciencydoesnotreachavalueof1,sincethetwomomenta
haveanon-vanishinginitialpopulation.Finaly,thelastcanvascorrespondstoδ0=2π×57kHz.
Thereareneitherholenordiﬀractedcloudmeaningthatbeamaandbareexchanged.Thisis
ingoodagreementwiththeexpectedresultof0.58klat.
4.4 Noiseinducedbythebeam-spliterontheatomicbeams
Inthissection,wewouldliketoseeifthebeam-spliterlaticeaddsnoisetothepopulation
diﬀerencebetweentheatomicbeamsaandb.Onecan,forexample,comparethevarianceofthe
populationdiﬀerencewithoutmirrortothesituationinwhichtheatomicbeamsareexchanged
viatheapplicationofanatomicmirror.
Firstwecreatepairsofatomsinmomentumspacethen,theatomsaretransferredtothe
mj=0stateviatwo-photonRamanscateringdonein300µsafterswitchingoﬀthedipole
trap.Theatomicmirroristhenimmediatelyapplied,andthepopulationsbetweenbeamaand
bareexchangedwithaneﬃciencyof93%.Thevarianceofthediﬀerenceisthenmeasured
asdescribedinSubsection3.4.2.ThenormalisedvarianceVpresentsaminimumwhenboth
zonesarecentredontopoftheatomicbeamsasseeninFig.4.13.Boththeobtainedresultswith
(redpoints)orwithoutthemirror(bluepoints)areplotedinthesameﬁgure.
Themeasurednormalisedvarianceofthediﬀerenceafterexchangingthetwoatomicbeams
isequalto0.80(5),whiletheminimumregisteredwithoutmirrorisequalto0.75(5). This
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diﬀerenceisnegligiblebutcanbepartialyexplainedbythevalueofthemirrorreﬂectivityof
93%.Thiscorrespondstoareductionofthedetectioneﬃciencythatcanbewritenas
η˜=√η×√R.
Assumingthattherealvarianceofthediﬀerenceiszero4thedetectedvarianceisthengivenby
Vdet.=1−η˜=0.77(seeSubsection3.4.2)andalowsonetopartialyunderstandthemeasured
diﬀerence.
Thebeam-spliterlaticeappearstoberathernoiselessandcanbesafelyusedtocoherently
manipulatetheatomicpairs.
4.5 Phasestabilityofthebeam-spliter
AlthoughfortheHOMexperimentthephaseinducedbythe50:50beam-spliterontheatoms
doesnotmodifytheexperimentalresult(seeChapter1),itisinterestingtolookatitsstabilityfor
possiblefutureapplications.Theﬁrsttestswereperformedbyapplyingtwicethebeam-spliter
ontheBECinordertoproducetwocloudsofequalmomenta.Thosecloudsarethenoverlapping
onthedetectoraftertime-of-ﬂightduetotheirexpansion.Thisleadstoaninterferencepatern
whosecentralpositiondependsontherelativephaseofthetwobeam-spliterpulses[198].
AfterreleasingtheBECfromtheopticaltrap,thebeam-spliterisshinnedonceandtwo
diﬀractedcloudswithmomenta0.55klatand1.10klatareproducedcorrespondingtoﬁrstand
secondorderBraggdiﬀraction.Onemilisecondlater,thebeam-spliterisagainappliedonthe
atomicbeamsbutthistimeonlyﬁrstorderdiﬀractionfromthepeakat0.55klatoccurs.After
thesecondpulse,twocloudsofatomswithidenticalvelocitiespropagateinspace. Thisis
schematicalyrepresentedinFig.4.14a)andb),wherethebluelinecorrespondstothetrajectory
ofthecloudwithmomentum1.10klatandtheredonecorrespondstothetrajectoryoftheother
cloudthathadbeenﬁrstdiﬀractedat0.55klatandafterwardsinto1.10klat.Forsimplicity,let
uscalthebluecloud1andtheredone2.
Inordertoobserveinterferences,thetwocloudsneedtooverlapaftertime-of-ﬂight.Their
spatialseparationaftertheapplicationofthelastbeam-spliterpulsecorrespondsto
z1(t)=z0+2vbmst−12gt
2,
and
z2(t)=z0+2vbmst−vbmsτ−12gt
2,
withτthetimediﬀerencebetweenthetwobeam-spliterpulses.
ThetwocloudsfalontheMCPandtheirrespectivearrivaltimeleadstotheequality5
1
2gt
2
1−t22+2vbms(t2−t1)=vbmsτ.
Considerthesolutioninwhicht2=t1+∆twith∆tcorrespondingtoasmaltimediﬀerence
whencomparedtothetime-of-ﬂightoft1.Thisleadstotheexpression
−gt1∆t+2vbms∆t=vbmsτ,
4Thedetectioneﬃciencyηhasbeenestimatedto25%throughthevarianceofthediﬀerenceequalto0.75(5)
assumingthattherealvarianceisequaltozero.
5Itisimportanttonotethatweareonlylookingatthearrivaltimeofthedistributioncenter.Bothcloudshavea
certainspreadinmomentumspacewhichisgoingtobetranslatedinanarrivaltimewidth.
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Figure4.14:Representationoftheinterferencebetweentwocondensates.a)Atscalerepresentationofthetrajectories
ofthetwoatomiccloudsforatimeintervalbetweenthetwoBraggpulsesof5msinthelaboratoryframeofreference.b)
Schematicrepresentationoftheoverlapofthetwocloudsduringthetime-of-ﬂight.Thesizeofthecondensateisnotatscale.
Thetwocloudsarerepresentedinredandblue.Theiroverlapcorrespondstotheinterferencezone.
wheresincegt1 2vbmsandτ=1ms
∆t=−vbmsτgt1 =−17µs.
Knowingthatthearrivaltimeofthecondensatecorrespondstoadistributionwithhalf-width
at1/√eapproximativelyequalto400µs,onecanconcludethatforτ=1msthetwocloudsare
stil weloverlapped.Itwouldbenecessarytowaitbetweenthetwobeam-spliterpulsesfor
morethanτ=27msinordertosubstantialyreducetheirspatialoverlap.
Sincethetwocloudsareoverlappingaftertime-of-ﬂight,onecannowdeterminetherelative
phasebetweenbothcloudsaccumulatedduringthesetrajectoriesinordertoestimatetheinter-
ferencepatern.Inthefree-falframeofreference,therelativephasediﬀerenceisthenobtained
throughthepropagationoperatorinfreespace[115]andbyaddingthephasesimprintedby
thebeam-spliterlaticeontheatoms,ϕ1andϕ2(seeAppendixDformoredetails).Thephase
diﬀerenceisthenequalto
∆φ=mz
2
1
2t−
mz22
2t+ϕ1−ϕ2
= m2tz
2
1−z22+ϕ1−ϕ2
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withz2=z1−vbmsτandvbmsτ z1,
∆φ=mvbmsτ2t z1+∆ϕ,
where∆ϕ=ϕ1−ϕ2.
Aftertime-of-ﬂight,cloud1correspondstoadistributionofatomscentredont0=321ms
andwithanhalf-widthof400µs.Anatomwitharrivaltimediﬀerence∆t,respectivelytothe
centerofthedistribution,isthen,inthelaboratoryframeofreference,describedby
z1(t0+∆t)=z0+2vbms(t0+∆t)−12g(t0+∆t)
2.
Inﬁrstorderin∆t,onecanwrite
z1(t0+∆t)=const.+ g∆tmvbmsτ,
withtheconstanttermcorrespondingtomvbmsτt0 +
2vbmst0−1/2gt202t0 mvbmsτ.
Thephasediﬀerencecanthusﬁnalybewritenas
∆φ=∆ϕ+const.−g∆tmvbmsτ,
whichforτ=1mscorrespondstoafringespacingtfringe= 1kbmsgτ=200µs.
Supposethatbothatomicwave-packetsaredescribedbytwoGaussianfunctions,withsame
half-widthat1/√eequaltoσsuchthat
f1(∆t)=exp−(t0−∆t)
2
2σ2 ,
f2(∆t)=exp−(t0−dT−∆t)
2
2σ2 ,
wheredT=−vbmsτgt0 accountsforthearrivingtimediﬀerencebetweenthetwoclouds.Thenafter
time-of-ﬂight,ifthetwocloudsoverlaponthedetectorinsidetheircorrelationlength,6their
amplitudessumandonerecoverthetotalintensity.Thephasediﬀerenceaccumulatedbythe
twodiﬀerentcloudsinducesaperiodicdistributionofthenumberofatoms(atomicintensity)
onthearrivaltimedistributiondescribedby
Nat(∆t)= f1(∆t)+f2(∆t)2
=2cos∆φ f1(∆t)×f2(∆t)+f1(∆t)2+f2(∆t)2
=2cos∆φexp−(t0−∆t)
2
2σ2 −
(t0−dT−∆t)2
2σ2
+exp−(t0−∆t)
2
σ2 +exp−
(t0−dT−∆t)2
σ2 (4.12)
6Forapurecondensate,thecorrelationlengthisequivalenttothesizeofthecloud. However,duringthe
expansionofthecloudinteractionsplayaveryimportantroleandthedensityisnotthesamealongtheentirecloud
andso,thephasecoherencealongthecloudcanchange. Here,thenumberofatomsineachcloudisreducedin
ordertoavoidtheeﬀectofinteractionsaswelasthesaturationofthedetector.
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Figure4.15:Interferencebetweentwocloudsfromthecondensate.Twocloudsofatomsareextractedfromthecondensate
withmomentumofk=1.01kbms.Aftertime-of-ﬂight,theyrecombineontheMCPandinterfereleadingtothefolowingpaterns.
a)Correspondstoanaverageover5identicalexperimentalrealisationsandb)correspondstoanaverageover87realisations.
Sincetheinterferencepaternisstilvisibleafteraveragingover87repetitions,onecanconcludethatthephaseﬂuctuationis
smal.
withperiodicitykbmsgτ.
Theinterferencepaternpositionisthengoingtodependonthephasediﬀerencebetweenthe
twoimprintedtermsϕ1andϕ2.Iffromoneexperimentalrealisationtoanother∆ϕﬂuctuates,
thecentralpositionoftheinterferencemoves,and,afteraveragingoverseveralrealisations,the
interferencepaternwashesout.
Experimentaly,wedetectdensityfringesonthearrivaltimedistributionwithaperiodicity
of200µsasexpected.ThiscanbeseeninFig.4.15.InFig.4.15a),anaverageover5realisations
isperformed,whileinFig.4.15b)thedistributioncorrespondsto87realisations.Onecansee
thatthefringesneverreachacontrastofonewhichweatributetoanimbalancedpopulations
betweenthetwoatomicclouds.However,thefactthatafter87realisations,thesamecontrast
isrecoveredindicatesthattherelativephaseoftheinterferometricschemedoesnotﬂuctuate
much. Thisisaproofofarelativelystablephasediﬀerencebetweenthetwolaserbeams
formingthebeam-spliterlatice.
Onecanalsoestimatehowsensitiveisthecontrastoftheinterferencepaternontheﬂuc-
tuationoftheimprintedphasediﬀerence∆ϕ.Forthispurpose,weconsiderthetheoretical
predictionoftwoequalypopulatedcloudsproducedwith1msdiﬀerenceanddetected321ms
later,representedinFig.4.16.Ifthephaseisperfectlystable,Fig.4.15a),theinterferencesignal
hasacontrastof1andperiodicityof200µsasexpected.Fig.4.15b)correspondstoanintegration
overthephasediﬀerence∆ϕperformedbetween−π/4toπ/4,whichaccountsforimprinted
phasediﬀerenceﬂuctuationsbetween−π/4toπ/4.Thecontrastlowersslightly,meaning,that
eveniftherelativephasebetweenthetwobeam-spliterpulsesvaryoverπ/4,theinterference
contrastisalmostunaﬀected. Tomodifyitsigniﬁcantly,theﬂuctuationsneedtovaryover
±3π/4forwhichtheinterferencepaternwashesoutasshowninFig.4.16c).
Withtheseexperimentaltests,onecanguaranteethatthephasediﬀerenceﬂuctuationissmaler
than3π/4.Thistestisonlyaﬁrstqualitativeestimationofthephaseﬂuctuationsinoursystem.
Othertestsarecurrentlybeingcarriedoninordertogetamorequantitativeestimationofthose
ﬂuctuations.
Itisalsoimportanttonotethatthecurrentstudyisonlysensitivetothephasediﬀerence
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Figure4.16:Eﬀectofphaseﬂuctuationsoncondensateinterference.Predictedinterferencepaternbetweentwocloud
ofatomsfromthecondensatewithequalspopulationandwithrelativephaseﬂuctuationsofa)±π/8;b)±π/4,c)±3π/4.
betweenthetwopulsesanddoesnotgiveanyinformationabouttheabsolutephasestability
ofthebeam-spliter.ForEPR-likeexperiment,forexample,theabsolutephasestabilitycanbe
necessaryasproposedinRef.[199].
4.6 Autocorrelationmeasurementviaa50:50beam-spliter
Assaidpreviously,ourdetectionmechanismisverysimilartoaphoto-multiplierwhereeach
atomisconvertedintoanelectronicsignaland,asso,thesamequantumdetectiontheory[95,
200,201],canbeapplied.Themainadvantageofourdetectoristhatitsdeadtime,estimated
around20ns,aswelasitstemporalresolution,300ns,aresmalerthanthetypicalarrivingtime
diﬀerencebetweentwoatomsfromthesamemode,thatisusualyontheorderof1µs.This
impliesthatonecan,withoutsplitingtheincomingbeam,doanautocorrelationmeasurement
asshowninSection3.4.1.
Howeverinoptics,thearrivaltimediﬀerencebetweentwophotonsfromthesamesource
laysbelowthetimeresolutionofthephoto-diodesanditisimpossibletodirectlymeasure
theautocorrelationfunction.Thesolutionisthentosplittheincomingbeamintwothrough
a50:50beam-spliter.Then,bydetectingthenumberofphotonsonthetwooutputportsof
the50:50beam-spliterandperformingacomparisonbetweenthetwosignalsonecanrecover
thenormalisedautocorrelationfunction.Sincewealsohaveanatomicbeam-spliter,wecan
compareourdirectmeasurementoftheautocorrelationfunction,totheusualmethodusedin
quantumoptics.
Thenormalisedautocorrelationisgivenby
g(2)bb=
bˆ†ˆb†ˆbˆb
bˆ†ˆb·bˆ†ˆb
where bˆ†ˆb†ˆbˆb= nˆb(ˆnb−1).Thisnormalorderingaveragecomesnaturalyfromthefactthat
whennparticlesareatplay,ifonedetects1particleononesideofthe50:50beam-spliter,n−1
particlesaredetectedontheotherside[202].AsinChapter1,theoutputportsﬁeldoperators
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Figure4.17:Autocorrelationmeasurementonbeambviaapplicationofa50:50beam-splitter.Theautocorrelation
isobtainedaftersplitingbeambintwoviaa50:50beam-spliterapplication. Leftpanel:2Dautocorrelationfunction
representationasafunctionofthemomentadiﬀerencebetweenbeamkbandthediﬀractedbeamkb+kbms,onlongitudinalz−axis
∆kzandtransversedirection∆k⊥.Rightpanels:a)Projectionoftheautocorrelationfunctiononthetransversedirectionx(the
samebehaviourisrecoveredforthey−axis.).ThebluelinerepresentsaGaussianﬁtfromwhichtheamplitudeandwidthare
extracted.Theintegrationalongtheothertwoaxiscorrespondtoanintegrationareaof[Lx×Lz]=2×10−2×1×10−2 k2lat.b)Projectionoftheautocorrelationfunctionontheverticalz−axis.ThebluelinerepresentsaGaussianﬁtfromwhichthe
amplitudeandwidthareextracted.TheintegrationalongthetwoothersaxiscorrespondtoLx×Ly =2×10−2 2k2lat
(candd)canbewritenas
cˆ= 1√2(ˆb+Oˆ)
dˆ= 1√2(ˆb−Oˆ)
withOˆthevacuumoperatorand,consequently,thecorrelationbetweenportscorrespondsto
cˆ†dˆ†ˆcˆd
cˆ†ˆc·dˆ†dˆ =
bˆ†ˆb†ˆbˆb
bˆ†ˆb·bˆ†ˆb.
Inordertocomparethesetwomethods,weexperimentalyperforma50:50atomicmirror
onbeamb.Thecross-correlationbetweenthenumberofatomspresentinN(kb)withtheonesat
N(kb+kbms)iscomputed,bythesamemethodasinSection3.4.1.Fig.4.17showstheobtained
correlationfunctionontheyz−planeaswelastheintegratedprojectionsonthexandz−axis.
ByﬁtingthecurveswithanempiricalGaussianfunction,weretrievethehalf-widthat
1/√eoftheobtainedautocorrelationσz=8.2×10−3(1)klatalongtheverticalz−axisand
σ⊥=6×10−2(1)klatalongthetransversedirections.Theamplitudeofthecorrelationisequal
to1.6(1)klatbelowthemeasuredautocorrelationvalueofbeambinSection3.4,thatwasequal
to2.00(5).Thereasonforthisdiﬀerenceisstilunclearatthemoment.
Thewidthofthecorrelationis,inverygoodagreementwiththedirectmeasurement,alowing
ustoconcludethatthebeam-splitermomentumperiodicityisveryweldeﬁned.Thismeans
thatanatomwithmomentumkisdiﬀractedintok+kbms±∆kbmswith∆kbmsmuchsmalerthan
theautocorrelationfunctionwidth,σz=8.2×10−3(1)klat.
124
Conclusion
4.7 Conclusion
InthisChapter,theatomicbeam-spliterbasedonBraggdiﬀractionhasbeenintensivelydis-
cussed.Thegeometricalalignmentandcalibrationofthebeam-spliter,aswelasthestabilityof
bothreﬂectanceandtransmitancewerediscussed.Preliminarycalibrationsofthephasestabil-
ityofthebeam-spliterviaBECinterferencehasbeenpresentedopeningthewaytopromising
futureexperiments.
Perspectives,theadiabaticpassage
Theactualcalibrationofthebeam-splitershowsthatitcanbedirectlyusedfortherealisation
oftheHOMexperiment. However,somelimitationsarestilpresent.Sinceweareinterested
indealingwiththeentireatomicbeam,thisimpliesabroadresonancecondition. Adirect
consequence,whenasquarepulseisused,isanon-vanishingprobabilitytodiﬀractthecloud
tohigherdiﬀractionorders. Thistranslatesintolossesforboththe50:50beam-spliterand
mirror,asdiscussedinSection4.2,thathavebeenestimatedtobeofafewpercentand,inthis
sense,arecompletelynegligible(seediscussioninAppendixD).
However,theuseofasquarepulsecanalsoleadtoanon-uniformvalueofthereﬂectivity
overtheentiremomentumspreadofthecloudasseeninSection4.1. Onepossiblesolution
forthisproblemwouldbetouseadiabaticpulsesinanalogywiththetechnologydeveloped
inRMN(seeforinstanceRef.[203]andRef.[204]formoredetails).Theideaisthen,through
acombinationofspeciﬁcintensities,frequenciesandphases,totransferthepopulationof
theatomicbeamswithequaleﬃciencyinsideatunablemomentumwidth,seeRef.[205]for
instance.Thisprojectiscurrentlybeingdevelopedinourteam.
Alongthepastthreechapters,wereportedthediﬀerentimprovementstotheexistingmetastable
heliumexperimentinordertoaccomplishtheHOMexperiment.Thethreefundamentalblocks
thathavebeendiscussedatthispointofthemanuscriptcorrespondto
•asingleatomdetector;
•asourceofatomicpairs;
•acoherentatomic50:50beam-spliterandmirror.
Wehaveshownthatthisthreeblocksarewelundercontrolinourexperimentandwearenow
readytoﬁnalydiscusstheatomicHong–Ou–Mandelexperiment.
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Aristotle
AsdiscussedinChapter1,inordertoataintheHOMexperiment,fourfundamentalexper-
imentalblocksarenecessary:
•asingleatomdetector—theMCPdetectorbrieﬂydiscussedinSubsection2.1.2.Thisis
theatomicequivalentofaphotomultiplierinoptics.Italowsustoextractbothsecond
orderauto-andcross-correlation;
AtomicHong–Ou–Mandelexperiment
•asourceofatomicpairs—thepairsareproducedviadynamicalinstabilitiesfromacon-
densateplacedonamovinglatice,asdescribedinSection3.2andSection3.3.Thepairs
showstronger-than-classicalcorrelations,asdemonstratedinSection3.4.Theaveraged
numberofatomsalsoneedstobelowerthan1,asdiscussedinSection1.2;
•acoherentatomic50:50beam-spliterandmirror—performedviaBraggdiﬀractionona
laticedesignatedbeam-spliterlaticeasdiscussedinChapter4;
•andaﬁlteringprocedureinordertoguaranteetheindistinguishabilitybetweenparticles
—performedbyﬁlteringtheatomsourceafterthebeam-spliterviathe3Dreconstruction
inmomentumspaceofourdetector.Foralosslessbeam-spliteritistheequivalentofan
atomicpinhole.ThiswilbedevelopedinSection5.1.
Thischapterisorganisedasfolow.InSection5.1theﬁltering methodadoptedinthe
experimentwilbediscussedandtheproceduretodetecttheHOMeﬀectpointedout.The
experimentalprotocoltoaccomplishthetwo-particleinterferometerwilbepresentedinSec-
tion5.2.TheanalysisoftheinterferometriceﬀectwilbediscussedinSection5.3,wherewe
identifyadecreaseofthecross-correlationbetweentwooutputportsasafunctionoftheoverlap
betweenthetwoatomicbeams.Theobtainedresultalowsustoconcludethatthedipcannot
beexplainedclassicaly.Thecomparisonwiththetheoreticalexpectedvisibilitywilbedevel-
opedinSection5.4andtheexpecteddipwidthinSection5.5.InSection5.6,thecoalescence
eﬀect,correspondingtotheincreasedprobabilityofdetectingtwoparticlesinoneofthetwo
outputports,isdiscussedandcomparedtothedestructiveinterferenceresult.Linkedtoboth
quantitiesisthevarianceofthediﬀerenceofpopulationthatcanalsobeusedinordertoprobe
theinterferencebehaviour,asshowninSection5.7.Finaly,theroleofparticleinteractionswil
bebrieﬂydiscussedinSection5.8closingtheanalysisofthetwo-particleinterferenceeﬀect.
5.1 HOMeﬀect:howtomeasure?
TheHOMeﬀectcorrespondstoasituationwheretwophotons,withundeﬁnedrelativephases,
arepluggedattheinputportsofa50:50beam-spliter.Ifthetwophotonsareindistinguishable
thecoincidencecountbetweenthetwooutputportsofthebeam-splitervanishes,unlikewhat
onewouldexpectforclassicalparticlesorwaves.Onecanmeasurethisresultintwodiﬀerent
ways,eitherbyfocusingonthecoalescenceeﬀectoftheout-comingstate[79]
|ψout=|0c,2d+|2c,0d,
thatis,theincreasedprobabilityofdetectingtwoparticlesinoneofthetwooutputports,orby
lookingatthereductionofthecoincidencecountsbetweenthetwooutputports.Inquantum
opticsexperiments,theHOMeﬀectisoftenprobedviathereductionofcoincidencecounts.In
thissituation,twophotodiodesattheoutputportsofthe50:50beam-spliter,candd,detectthe
outcomingphotonsandacoincidencecountisperformedbetweenthetwo.Thecoincidence
countcorrespondstotheprobabilityofdetectingonephotononatimeintervalt+∆tinoneof
theoutputportsknowingthatanotherphotonhasbeendetectedattimetattheother. When
thephotonsareindistinguishablethiscoincidencecountreacheszerobut,ontheotherhand,if
thephotonsaredistinguishable,thecoincidencecounthasaﬁnite,non-zero,value.
5.1.1 Howtotunedistinguishability?
Distinguishabilitybetweenparticlescaneitherbeexperimentalyachievedwithachangeinthe
opticalpaths[54,206]orphasediﬀerence[77].Inthe1987experimentofHong,OuandMandel,
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Figure5.1:Schematicrepresentationofthe1987’sHOMexperiment.Twophotonsproducedviaparametricdown-
conversionarepluggedintoa50:50beam-spliter,afterpassingthroughafrequencyandspatialﬁlter.Twophotodiodesregister
thenumberofdetectedphotonsonbothoutputports.Acoincidencecountisperformedafterwards.FigurecopiedfromRef.[54].
Figure5.2:Classicalscenariosfortwoincomingparticles.Schematicrepresentationofthefourpossiblecases.Theblue
arrowsrepresentthearrivingparticlesbeamsona50:50beam-spliter.Case:a)bothparticlesarereﬂected;b)bothtransmited;
c)andd)oneparticleisreﬂectedandtheotheronetransmited.
theopticalpathwastunedbychangingthepositionofthebeam-spliter.Ifthepathsofthe
photonsarediﬀerent,theydonotoverlaponthebeam-spliteranditispossibletodistinguish
them. Ontheotherhand,ifthephotonsoverlap,belowthecoherencelengthofthephoton
wavepacket,theparticle’spathsareindistinguishableandthecoincidencecountdecreasesto
zero.Theoriginalexperimentalset-upisschematicalyrepresentedinFig.5.1[54].Thesource
correspondstoapairofphotonsproducedviaparametricdown-conversion.Sincethisisa
multimodesource,aﬁlterisappliedinordertoselectboththespatialandtemporalmodes.The
twophotonstravelapartfromeachotheruntiltheyreachthemirrorsM1,M2thatrecombine
thebeamsona50:50beam-spliter. Thephotonsaretheneithertransmitedorreﬂectedas
schematicalyrepresentedinFig.5.2.Twophotodiodesplacedateachexitofthebeam-spliter
recordthenumberofphotonsperport. Whentwophotonsexitcoincidentlythebeam-spliter
throughdiﬀerentports,acoincidencecountisrecovered. Bychangingthepositionofthe
beam-spliterandcountingthenumberofcoincidences,oneretrievesthecelebratedHOM-dip
wheretheminimumcorrespondstothecaseofindistinguishablepathsandthebackgroundto
distinguishablepathsasshowninFig.5.3.
Adaptationtothecaseofatoms
Thebeam-spliter,inourcase,actsonmomentumspace.Bychangingtheapplicationtimeofthe
beam-spliter,wecantunethedistinguishabilityofthetwoatomicbeams.Theindistinguishable
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Figure5.3:1987HOM-dip.Itispossibletoseethatthecoincidencecountgoestozerowhenthepositionofthebeam-spliter
issuchthatthetwophotonsareindistinguishable.Sincetheirspeedisequaltothespeedoflight,thespatialwidthofthedip
givesanindirectinformationonthetemporalcorrelationlengthofthephotons.FigurecopiedfromRef.[54].
casecorrespondstothesituationinwhichthetwoatomsoverlaponthe50:50beam-spliter
andonecannotsaywhichonehasbeentransmitedorreﬂected,asrepresentedinFig.5.4a).In
thecaseofabadtemporaloverlapbetweenthetwobeams,duetoanapplicationtimeofthe
beam-splitersuchthattheatomsdonotoverlap,seeFig.5.4b),onegetsthedistinguishable
case.Theoutputportscanddcorrespondtothetwoatomicbeamsafterthe50:50beam-spliter.
Theirmomentaisequaltokcandkd,withkc=kaandkd=kb,whichleadstodiﬀerentarrival
timesonthedetector. Withthetemporalresolutionofthedetectorbeingshorterthanthetime
diﬀerencebetweenthetwocorrelatedatoms,onecandirectlymeasuretheircross-correlations
andextractthecoincidencecount.TheHOMexperimentconsiststhentomeasurethecross-
correlationbetweenthetwocloudscanddasafunctionofthe50:50beam-spliterapplication
time,ts.
Knowingtheinitialspeedofthetwocloudsandthetimeatwhichtheatomicmirrorhasbeen
applied(tm),onecandeterminetheapplicationtimeofthe50:50beam-spliter,ts,corresponding
totheindistinguishablesituation.Considerthatbeamahasaninitialspeedvaandbeamba
speedvbalongtheverticaldirection.Inthelaboratoryframeofreference,thepositionofthe
twocloudscorrespondsto
za=z0+vat−12gt
2,
zb=z0+vbt−12gt
2.
Afteratimetm,thepositiondiﬀerencebetweenbothcloudsalongzisequalto∆z=(va−vb)tm.
Atthismomentthemirrorisappliedandthevelocitiesareexchanged.Thepositiondiﬀerence
betweenthetwocloudsisthenequalto
∆z=(va−vb)tm−(va−vb)(t−tm).
Ifthe50:50beam-spliterisappliedatts=2tm,then∆z=0andthetwoatomicbeamsoverlap.
Thiscorrespondstoτ=ts−tm=tm−t0where,forsimplicity,wewilconsidert0=0. On
theotherhand,iftheatomsdonotoverlapatthemomentwhenthebeam-spliterisshinned
(ts 2tm),thenthereﬂectionofbeamaisdiﬀerentthanthetransmissionofbeambandthe
pathsaremadedistinguishable,seeFig.5.4.
132
HOMeﬀect:howtomeasure?
a
b
c
d
tstmt0 τ=τ0
tstmt0τ0 τ0
a
b
ca
db
da
cb
τ<τ0
a) b)
Figure5.4:Schematicrepresentationoftwo-particlesinterference.
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a)Beam-spliterapplicationinthecaseofindistin-
guishableparticles.b)Beam-spliterapplicationinthecaseofdistinguishableparticles.
Figure5.5:Schematicrepresentationofmultimodetwo-particlesinterference.Severalmodesareoutcomingfromthe
initialsource,modeacorrelatedwithb,awithbandawithb.Themirrorandbeam-spliterarecalibratedsuchthataand
boverlaponthebeam-spliter.Thisimpliesthatmodeaoverlapwithmodebandawithb.
IncontrasttotheexperimentofHong,Ouand Mandelinwhichthebeam-spliterposition
deﬁnesthedistinguishabilityoftheparticles,inourcase,sincetheatomicbeam-spliteris
performedinmomentumspace,itistheapplicationtimeofthe50:50beam-spliterthatdeﬁnes
it.
5.1.2 Filteringmethod:3Ddetectionandnoiselessbeam-spliter
Similartothephotoniccase,ouratomicsourceisnotsinglemodebutmultimode,asdiscussed
inSection3.4. Thismeansthateachatomicbeamcorrespondstoseveralmodes,eachone
correlatedtoitssymmetricintheotherbeam. Duetophase-matchingconditions,thetwo
modeshavetoverifythemomentumconditionka+kb=2klat+2k0asdiscussedinSection3.2.
Attimets,thetwoatomicbeamsareswapped.Thismeansthatanatomwithinitialmomentum
kahasaprobabilityof50%tobediﬀractedintoka+kbms.Thisisalsovalidforbeambwith
momentumgivenbykb−kbmsafterthe50:50beam-spliter.Inordertoexchangeapairof
correlatedatomsonehastoverifyboth
|kb−ka−kbms|<δk (5.1a)
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and
|ka+kb−2klat−2k0|<δk, (5.1b)
whereδkaccountsforthemodesizeinmomentumspace.Onlytheatomswithmomentasuch
thatbothconditionsareveriﬁedwilcorrespondtoaperfectindistinguishablecase.Thosethat
areexchangedwithatomsfromanothermodewilalwaysbedistinguishable.
ThisisschematicalyshowninFig.5.5wheretwoatomicpairscorrespondingtoparticles
{a,b}and{a,b}areproduced,with
kb−ka=kbms−δk
and
kb −ka =kbms+δk,
where
kbms=kb−ka.
Inthisscenario,aandbarecorrelatedaswelasaandb,butnocorrelationexistsbetween
aandboraandb.Thiscorrespondstoatomswithmomentavectordiﬀerence
(kb −ka)−(kb−ka)=2δk≥σc
whereσcrepresentsthecross-correlationfunctionwidth.Inourexperimentalrealisation,both
mirrorand50:50beam-spliterhaveresonancessuﬃcientlywideinordertoeﬀectivelyswap
theentirebeams.Thus,thesituationdiscussedaboveneedstobeconsidered.
InordertoobtainamaximumHOM-dipvisibility,itisnecessarytoﬁlteroutthedistin-
guishablecases.InFig.5.5thiscorrespondstoneglectthecontributionofa,b anda,b.In
optics,thisiseasilydonebyplacingnarrow-bandinterferenceﬁltersjustbeforethedetectors
andpinholesintheopticalpaths[54,206]. Withatomsthisismoredemanding. Onecould
imagineanequivalentprocessviaselectiveBraggdiﬀraction.However,thistechniquecanonly
performselectionsalongtheaxisofthebeam-spliterlatice(z−axis)andnoselectionwouldbe
performedtransversaly.Thesolution,forourexperiment,reliesonour3Ddetectorresolution.
Sinceweareabletoreconstructthevelocityvectorinalthreedirectionsofeachatom,
onecanselectthosethatarerecombinedwiththeirpartner. Experimentaly,thisissimply
performedbyreducingtheintegrationvolumearoundthetwomomentaofinterestkc=kaand
kd=kb.Byreducingthebandwidthoftheselection,onecanrecoveratwo-modeconﬁguration.
Itis,however,veryimportanttoselecttherightmomentakcandkd. Forthispurposewe
adjusttheatomicbeamproductioninordertomatch,ascloseaspossible,thebeam-spliter
laticeperiodicitykbms.Inthissense,weguaranteethatthepopulationmaximacorrespondtoa
recombinedpairasschematicalyrepresentedinFig.5.6.Itisimportanttonotethatthisﬁltering
techniqueisonlypossibleifthebeam-splitertransferisveryweldeﬁnedinmomentumspace,
whichwehaveprovedtobetrueinChapter4,otherwiseeachatomisarbitrarilyrecombined
withanother.Iftheuncertaintyisgreaterthanthecorrelationlength,nopost-ﬁlteringcanbe
performedsinceseveraldiﬀerentmodeswouldhavebeenmixed.
Ourﬁlteringmethodconsiststhentoreducethevolumeofintegration,aroundthecentralzones
ofanalysis,untilamaximumvisibilityisobtainedasschematicalyshowninFig.5.7.Thisis
similartothedetectionmodetechniquesusedinquantumoptics[207–209].
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beambbeama kbms
Beforemirror
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Aftermirror
beama kbms
beamd kbmsbeamc
Afterbeam-splitter
Figure5.6: Schematicrepresentation
oftheHOMexperimentwithmoderep-
resentation.Descriptionfromtoptobot-
tom. Theatomicbeamsareformedofsev-
eralmodes. Eachmodeisrepresentedby
adiﬀerentcolorandthecorrelatedmodein
theotherbeamisrepresentedwiththesame
colour.Themirror,correspondingtoaBragg
diﬀractionprocess,leadstoatranslationof
eachatomicbeam. Thus,beamareplaces
beambandvice-versa.Afterthe50:50beam-
spliter,thecorrelatedmodesaremixedas
shownatthebotomofthisﬁgure. Wecan
seethatonlythecentralmode,inred,isover-
lappingwithitspeer.Thisisduetothefact
thatthemomentumgivenbytheBraggpulse
isequaltothemomentumdiﬀ
Indistinguishablecase
Partial
indistinguishablecase
Distinguishablecase
erenceofthe
atomicbeamscentraldistribution.Theother
modeswilthen,never,beoverlappedwith
theirpeers.Thismeans,here,thatonlythe
centerofthedistributionwilcorrespondto
aperfectindistinguishablesituation.
Figure5.7: Schematicrepresentationofthe
modeselectionperformedinourexperiment.
AsexplainedinFig.5.6onlythecenterofthedistri-
butioncorrespondstoanoverlapbetweenidentical
modes. Byperformingaselectioninmomentum
space,correspondingtothevolumeofourintegra-
tion,onecanthenevolvefromaperfectindistin-
guishablesituation(onlyonemodeinsidetheinte-
grationvolume)ormixedsituationbetweenindis-
tinguishableanddistinguishablecases.
Adiﬀerentapproachis,however,suggestedinRef.[85].Inthisarticle,insteadofvaryingthe
applicationtimets,themomentaunderanalysis{kc,kd}aretuned.Thisalowsonetopassfrom
adistinguishablecase,forexampleinFig.5.5{ka,kb},toanindistinguishablescenariowhenlookingat{ka,kb}.However,thisanalysiscanonlybeperformedinasituationwhereτissuch
thatanindistinguishablecaseexists.Inorderwords,onewilinevitablyhavetoscanτinorder
toﬁndtheoverlapbetweenthetwoatomicbeams. Moreover,thepopulationsbetweenthe
distinguishableandindistinguishablecasescanbediﬀerentsincetheycorrespondtodiﬀerent
classesofmomentaintheatomicdistribution.ThisleadstoamodiﬁcationoftheHOM-dip
shapeifthecross-correlationisnotnormalised.Foralthesereasons,wehavedecidedtonot
usethismethodofanalysisforourHOMexperiment.
Thedistinguishabilityofouratomicbeamsisdonebychangingtheapplicationtimeofthe
beam-spliter,ts.AselectioninkisperformedthroughtheMCPresolutioninordertoﬁlterthe
modesinmomentumspaceandtomaximisethevisibilityoftheHOM-dip.
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Figure5.8:ExperimentalsequencefortheHOMexperiment.Insidethedipoletrap(powerindicatedinred),thelatice
isadiabaticalyswitchedon,byrampingbothitsdepth(blueskyshadedarea)anddetuning(greenshadedarea)in350µs.
TheBECisthen,inthelaticeframeofreference,movingataspeedv0=−0.57vlatandstarttoproduceatomicpairsdueto
dynamicalinstabilities.Attimet0,theﬁrstatomsformingthepairsstarttobeproduced50µsbeforethelaticeisadiabaticaly
switchedoﬀ.Theatomsarethenkeptinthedipoletrapfor200µs.Atthispointtheopticaldipoletrap(ODT)isswitchedoﬀ
andatomsarereleased.Theyarethentransferredtotheinsensitivesub-levelmj=0in300µsviastimulatedtwo-photonRaman
transfer.TheatomicmirroristhenshinnedontheatomsviaaBraggpulseof100µslength(darkblueshadedarea)attimetm.
Asecondpulseisperformedafteratimeτ=ts−tmcorrespondingtotheapplicationofthe50:50beam-spliter.
5.2 HOM:experimentalsequence
TheexperimentalsequenceinordertoachievetheatomicHOMexperimentisrepresentedin
Fig.5.8. Withtheatomsstiltrappedintheopticaldipoletrap,thelaticeisadiabaticalyturned
on,intwosteps(powerandfrequency),asexplainedinSubsection3.3.2.Thelaticespeedisset
to−0.57vlatandthelaticeiskeptonfor350µs.1.Thelaticeisthenswitchedoﬀadiabaticaly
andtheatomsarekeptinthedipoletrapfor200µsinordertoavoiddistortionofthetransverse
proﬁleduringtheexpansion,seeSubsection3.3.4. Theopticaltrapisafterwardsrapidly
switchedoﬀandtheatomsimmediatelytransferredtotheinsensitive magneticﬁeldstate
mj=0viastimulatedtwo-photonRamanscateringin300µs(seemoredetailsinAppendixC).
Atthismoment,theatomshavealreadybeentravelingawayfromeachotherforatleast500µs
andthedistancebetweenthetwoatomicbeams,alongtheverticaldirection,isequalto25µm.
Themirroristhenapplied(correspondstotminFig.5.8)inordertoinvertthevelocitiesof
beamaandb,viaBraggdiﬀractionwithaneﬃciencyof93(2)%.Theindistinguishablecase
correspondsthentoatimetssuchthatts−tm =tm−t0estimatedatts−tm ≈550µs. The
1vlat=9.3cm/sasdeﬁnedinSection3.3. Weestimatethattheﬁrstatomsareproducedapproximatively300µs
(correspondingtot0,seeFig.5.8)afterswitchingonthelatice.
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Figure5.9:SchematicrepresentationoftheatomicHOMexperiment.a)Thetimediagramshowstheevolutionofthe
atomicpairsalongtheverticalaxis(blueandredlines).Betweent0andtm,tmandts,andafterts,theatomsmoveunderthe
inﬂuenceofgravity(drawingnottoscale).Attm,thetwinatomvelocitiesareswappedusingBraggdiﬀractiononanoptical
latice.Attimets,whentheatomictrajectoriescrossagain,thesamelaticeisappliedforhalftheamountoftimeinorderto
realiseabeam-spliter.b)Inthecentre-of-massframeofreference,thetrajectoriesoftheatomsresemblethoseofthephotonsin
theHOMexperiment.Ajointdetectionariseseitherwhenbothatomsaretransmitedthroughthebeam-sliter(upperpanel)or
whenbotharereﬂected(lowerpanel).Ifthetwoparticlesareindistinguishable,theseprocessesendinthesameﬁnalquantum
stateandtheprobabilityofcoincidencedetectionresultsfromtheadditionoftheiramplitudes.Forbosonstheseamplitudes
havesamemodulusbutoppositesigns,thustheirsumvanishesandsoalsotheprobabilityofcoincidencedetection.
diﬃcultyofdeterminingtheexactvalueoftscomesessentialyfromtheuncertaintyassociated
totheinstantatwhichtheﬁrstpairsareproduced,t0.Sincethepopulationofbeamaandbare
rathersmal,weestimatethattheﬁrstpairsareproducedattheendofthelaticeapplication.
Furthermore,bothmirrorand50:50beam-spliterhavedurationsthatarenotnegligiblewith
respecttotm−t0.Thisincreasestheuncertaintyassociatedtotheinstanttsforwhichparticles
aremadeindistinguishable.
Aftertime-of-ﬂight,theatomshittheMCPandtheirarrivaltimeisrecorded.Thevelocity
vectorofeachatomafterapplicationofthe50:50beam-spliterisrecoveredasdiscussedin
Subsection2.1.2.Theanalysisisthenperformedbyextractingthecross-correlationbetweenthe
twoatomicbeamscandd,where,kc=kaandkd=kb.Theinterferometerschemecorresponds
totheonerepresentedinFig.5.9a)wheregravityinducesparabolictrajectoriesontheparticles.
Inthebeam-spliterframeofreference,oneretrievesthewelknownmasslessinterferometric
schemerepresentedinFig.5.9b).
Weroughlyestimatethe50:50beam-splitertimeapplicationcorrespondingtoindistinguishable
pathstots−tm=τ=550(100)µs.
5.3 AnalysisandmeasurementoftheHOMeﬀect
Atomsfalonthedetectorandthecross-correlationbetweenbeamcanddgivenby
G(2)cd(τ)=η2Nˆc(τ)ˆNd(τ)=
η2
ΩVcΩVd ΩVc
d3kc
ΩVd
d3kdnˆ(kc,τ)ˆn(kd,τ), (5.2)
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isobtainedfordiﬀerentvaluesofτ,withΩVc= ΩVd = L2⊥Lz k3lat correspondingtothevolumeofintegrationandηthedetectioneﬃciency. Wechosenottonormalisethecross-
correlationforeaseofcomparisonwiththeoriginalHOMrealisation. Theresultshownin
Fig.5.10correspondstotheoptimisedintegrationvolumeofΩV= 0.0482×0.028(k3lat).The
cross-correlationfunctionG(2)cddecreasesfrom0.060(8)to0.019(4)atτ=τ0=550µs.Thevalueofτ0iscoherentwiththeexpectedoverlapbetweenthetwoclouds,ts=2tm≈550µs.
InordertoquantifythevisibilityoftheHOM-dip,thefolowingdeﬁnition
V¯=1−G
(2)(τ0)
G(2)bg.
(5.3)
=1−G
(2)
Ind.
G(2)Dis.
, (5.4)
isused,whereif¯V>0.5theeﬀectcannotbeexplainedclassicaly(seeChapter1).Thisthreshold
isrepresentedbytheredshadedareaandcorrespondstothemaximuminterferencecontrast
obtainedfortwoclassicalwaveswithrandomphasesattheinputports.Fromthevaluesof
G(2)cd(τ0)andG(2)bg.,werecoveravalueof¯V=0.65(7),twostandarddeviationsabovetheclassical
limit2.
Thiseﬀectcanonlycorrespondtoaquantumtwo-particledestructiveinterferenceandshows
thattheatomicpairshavemore-than-classicalcorrelationsandthatonecancoherentlymanip-
ulatetheinputstate.
AlongthisSectionwewildiscussindetailtheanalysislyingbeneaththisresult.
5.3.1 Analysis:momentumselection
Inordertooptimisethedestructiveinterferenceeﬀect,onelooksatthecorrelationbetween
atomswithmomentakcandkdasdiscussedpreviously.Byﬁxingtheinitialcondensatequasi-
momentumat−0.57qlat,wegeneratetwoatomicbeamsaandbwithdistributionscentred
at0.73(1)klatand1.27(1)klatinthelaboratoryframeofreference. Thiscorrespondstoa
momentumdiﬀerenceequalto0.54(2)klatconsistentwiththebeam-spliterperiodicitykbms=
0.55klat.Thismismatchcomesfromourdiﬃcultyinmeasuringthecentraldistributionofbeam
bandisduetothelossesassociatedtobeambthattendtodistortitsproﬁlealongthevertical
z−axis.InSection5.5wewilseethatthismismatchingmaypartialyexplaintheobtained
HOM-dipwidth.
Thevalueofkcandkdusedfortheanalysisaredeterminedinthefolowingway. Aswe
haveseeninSection3.3,thetwoatomicbeams,aandb,havediﬀerentpopulations. After
applicationofthe50:50beam-spliter,however,theirpopulationaremixedandshouldbeequal
afteraveragingoverseveralrealisations.Consequently,theanalysisisperformedbetweenthe
centraldistributionsofbeamscanddforwhichthemaximumpopulationisdetected.The
issuethatonecanfaceisthatthecentraldistributionsdonotcorrespondtothetwocorrelated
modes.Forthispurpose,wealowourselvestodisplaceslightlythetwoboxesofanalysisin
ordertomaximisetheHOM-dipvisibility.Thisdisplacementhasalwaystobesmalerthan
thecross-correlationlengthinordertoverifyEq.(5.1).Inpractise,thecentersoftheanalysis
2Itisimportanttonotethat,forourexperiment,fromrealisationtorealisation,thephaseofthebeam-spliter
wasrandomlychosen.Thisalowsustodirectlycomparetherecovereddipinthecross-correlationasafunction
ofτtotheexpectedclassicalthreshold. WewilshowinSection5.4,however,thatthisthresholdvalueisinfact
overvaluedandthatonecanestimatetherealthresholdknowingtheautoandcross-correlationsofbeamsaandb.
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Figure5.10:AtomicHOM-dipinthecross-correlationfunction.ThecorrelationG(2)cdbetweentheoutputportsofthebeam-spliter,deﬁnedinEq.(5.2),wasmeasuredasafunctionofthepropagationdurationτ=ts−tmbetweenthemirror
andthebeam-spliter.TheHOM-dipisdirectlyvisibleasamarkedreductionofthecorrelationwhenτequalstheduration
ofpropagationtm−t0 500µsbetweenthesourceandthemirror,correspondingtosymmetricpathsbetweenthesourceand
thebeam-spliter.AGaussianﬁt(blueline)preciselylocatesthedipatτ=550(50)µs,withahalf-widthathalf-maximum
of70(40)µs,wheretheuncertaintycorrespondstothe68%conﬁdenceinterval.ThemeasuredvisibilityisV=0.65(7).
Itistwostandarddeviationsbeyondtheclassical-to-quantumthresholdrepresentedbytheredshadedarea,whichtakesinto
accounttheexperimentaluncertaintyoverthebackgroundcorrelationvalue.Eachdatapointwasobtainedfromanaveraged
overabout500to1000repetitionsoftheexperiment.Errorbarsdenotethestandarddeviationofthestatisticalensemble.The
meandetectedatomnumberwasconstantovertherangeofvaluesofτ
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Figure5.11:2Ddeterminationoftheoptimisedcentredanalysis{ka,kb}.Upperpanels,fromlefttoright,2Dmomenta
distributionforthedetectedatomnumberontheyz−plane,integratedoveralengthof0.048klatalongthex−axis,for
τ=150,550,900µs.Botompanels,fromlefttoright:2Dcross-correlationbetweenmomentumkz,kzforanintegration
volumeofΩV= 0.0482×0.028(klat3)forτ=150,550,900µs.Theredshadedsquarecorrespondtotheintegrationlengthonthelongitudinalz−axis.Thebinsizeisof0.014klatonbothaxis.
volumecorrespondtokc=0.740klatandkd=1.275klat,asrepresentedinFig.5.7.Inorderto
avoidthecontributionofseveralmodes,wearealsoselectiveontheintegrationvolume,as
discussedearlier.Theideaistoguaranteethatonlytwomodesareselected.
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InFig.5.11,toppanels,the2Dmomentumdistributionontheyz−planeforbothdistin-
guishablecase(leftandrightpanels)andindistinguishablecase(centerpanel)arerepresented.
Inalthreecases,itispossibletodistinguishthetwoatomicbeamscanddaswelasdiﬀracted
atomsfromthecondensatebythebeam-spliteralongthez−axis.Thediﬀractionprobabilityis
veryweakbut,sincethepopulationoftheBECismuchlargerthanthenumberofproduced
pairs,thediﬀractedfractionisstilclearlyvisible.However,sincetheBECdiﬀractedatomsare
welseparatedfromthepairsinmomentumspacetheydonottarnishtheanalysisonthepairs.
Nonoticeablepairpopulationdiﬀerenceisvisibleonthe2Ddistributioninaccordance
withthefactthatonaveragedbothdistinguishableandindistinguishablesituationshavethe
samedensitydistributions. The2Dcross-correlationfunction(botomcanvas),deﬁnedby
Eq.(5.2),isestimatedforaﬁxedvolumeofintegrationcorrespondingtoΩc,d= Lz×L2⊥ =
0.028×0.0482(k3lat)andcentredonCc=(0,0,kz)(klat)andCd=(0,0,kz)(klat). Onecanimmediatelyseethat,formostsetsof{kc;kd},thecross-correlationisweakerwhenτ=550µs
inaccordancetotheexpectedtimetm−t0≈550µs.TheminimumvalueofG(2)cd,insidetheatomicbeams,occurswhenkc=0.740klatandkd=1.275klat,correspondingtothevaluesofkc
andkdwithmaximumaveragedpopulations.
Thecentralpositions,kc=0.740klatandkd=1.275klatoptimisetheHOM-dipvisibilityand
hereafterwewilalwaysplacethecenterofouranalysisvolumeonCc=(0,0,0.740)(klat)and
Cd=(0,0,1.275)(klat).
5.3.2 Analysis:optimisationoftheintegrationvolume
Withthevalueofkcandkdﬁxed,onecannowtrytooptimisethesignalbychangingthevolume
ofintegration.Thiscorrespondstoadaptthepinholesizetoourmodesizeasoftenperformed
inquantumoptics[206].
Sincethecorrelationvarieswithtimeτ,onecanestimatethecontrastbyﬁtingthecross-
correlationasafunctionofτwiththeempiricalGaussianfunction
G(2)(τ)=G(2)bg.1−V¯e−
(τ−τ0)2
2σ2 (5.5)
whereG(2)bg.correspondstothebackgroundcorrelationobtainedfordistinguishableparticles
andV¯tothevisibilityoftheHOM-dip.InFig.5.12,leftpanel,thevisibilityisrepresentedas
afunctionoftheintegrationvolumeΩV.Foreach(L⊥;Lz)set,correspondingtoavolume
ΩV= L2⊥Lz,onegetstherelatedvisibility.Onecanseethatforsmalerintegrationvolumesthevisibilityincreasesuntilreachingsaturation.Forlargevolumes,thevisibilitydecreasesasa
consequenceofthemultimodesourcecontribution(asdiscussedindetailinSubsection5.1.2).
ThevisibilityoftheHOM-dipcanbecomparedtothesituationinwhichtwocoherent
beamswithundeterminedrelativephasearerecombinedona50:50beam-spliter.Theobtained
reductionofthecross-correlationinthissituation,seeChapter1,correspondstotheclassical-
to-quantumthresholdandcanbewritenas
Vthres.= 11+δ, (5.6)
withδcorrespondingto
δ= G
(2)
aa+G(2)bb
2 G(2)aaG(2)bb
, (5.7)
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Figure5.12:2DrepresentationofthevisibilityV¯andratiototheclassicalthresholdRfordiﬀerentintegration
volumes.Leftpanel,2DrepresentationofV¯asafunctionoftheintegrationvolumeΩV = L2⊥×Lz(k3lat).Forsmalervolumesoneobserveanincreasedvisibilityuntilitsaturateswhileforlargervolumesthevisibilitydecreasestozero.Thebin
sizecorrespondsto0.004klatinbothdirections.Rightpanel,2DrepresentationofRasafunctionoftheintegrationvolume
ΩV=L2⊥×Lz(k3lat).Forsmalerintegrationvolumestheratioincreasestoitsmaximumvalueof1.5.TheredboxesindicatethevaluesofLzandL⊥correspondingtothecutsshowninFig.5.13.
seeAppendixDforcomplementaryinformation.Iftheincomingpairshavethesameautocor-
relationvalue,thenδ=1.Thisisusualytrueforparticlesproducedinpairsandonerecovers
thethresholdvalueofV¯thres.=0.5.Inoursystem,beambhasalowerpopulationthanbeam
aand,consequently,δ 1.Thischangesthevalueofδand,asaconsequence,theclassical
thresholdisnolonger0.5.ThethresholdvalueV¯thresisobtainedasafunctionofΩVandthe
ratioRbetweentheobtainedHOM-dipvisibilityandthevisibilitythreshold
R= V¯V¯thres, (5.8)
isrepresentedinFig.5.12(rightpanel). Oneseesthatforsmalvolumesofintegrationthe
HOM-dipvisibilityisalmosttwiceaslargethanthethresholdvalueandtendstozerofor
increasingvolumes.
Inordertoquantitativelyidentifytheoptimisedzonethe2DplotsofFig.5.12areprojected
alongtheverticalz−andtransversey−axisasrepresentedinFig.5.13. Canvasa)andc)
correspondtoasituationforwhichtheintegrationlengthonthez−axisiskeptconstantat
Lz=0.028klatandtheintegrationlengthonthetransversedirection,L⊥,isvaried(thecut
correspondstothehorizontalredboxesofFig.5.12). OneﬁndsanoptimumvalueatL⊥=
0.048klatforwhichweobtainanoptimisedvisibility,respectivelytothesignal-to-noiseratio,of
V¯=0.65(7)andaratioR=1.44(20).Canvasb)andd)correspondtotheinversesituation,for
whichL⊥=0.048,iskeptconstant,andLzisvaried(correspondstotheverticalredboxesof
Fig.5.12). Wethusobtaintheoptimisedvalueof¯V=0.65(7)forLz=0.028klat.Theoptimised
volumeofintegrationisobtainedbyperformingthesamemethodforaldiﬀerentﬁxedvalues
ofLzandL⊥.
TheoptimisedresultcorrespondstotheonerepresentedhereforwhichweobtainV¯=
0.65(7)andathresholdvalueequaltoV¯thres=0.45(4). TheratiobetweentheHOM-dip
visibilityandthethresholdresultcorrespondstoR=1.44(20).Theseresultsareobtainedfor
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Figure5.13:Evolutionofboththevisibilityandthevisibility/thresholdratioasafunctionoftheintegration
volumeΩV = L2⊥×Lz(k3lat).a)andc)Theintegrationlengthonthez−axisiskeptconstantatLz=0.028klat.ThevisibilityV¯andtheratioRgivenbyEq.(5.8)arerespectivelyshownasafunctionoftheintegrationlengthonthetransverse
direction,L⊥.b)andd)TheintegrationlengthontheperpendiculardirectionsxandyiskeptconstantatL⊥=0.048klat.V¯
andRarerespectivelyplotedasafunctionoftheintegrationlengthonthelongitudinalz−axis,Lz.
avolumeofintegrationΩVequaltoΩV= 0.028×0.0482 k3lat. WerepresentinFig.5.14,thecorrelationdipasafunctionofτwiththeadaptedthresholdvalueof0.45(4)ingreen.
Toseemoredirectlytheeﬀectoftheintegrationvolume,weshowinFig.5.15theevolutionof
G(2)cd(τ)fortwodiﬀerentintegrationvolumes.Fig.5.15a)correspondstotheoptimisedvolume
discussedsofar,ΩV= 0.028×0.0482 k3lat,whileFig.5.15b)correspondstoalargervolume
ofintegrationΩV= 0.0483(k3lat).ItispossibletoseethatforanincreasedintegrationvolumetheHOM-dipwidthdecreases.Thedipwidthpassesfrom70(30)µsto40(20)µs. Alsothe
backgroundcorrelationincreaseswiththevolumeofintegrationwhichisexpectedsincethe
numberofdetectedatomsalsoincreases. Thevisibility,ontheotherhand,decreasesfrom
0.65(7)to0.39(7).
Theoptimisedvolumeofintegrationgivescomplementaryinformationaboutthemodesize
ofoursource[207–209]. AlongtheverticaldirectionthelengthofintegrationLz=0.028klat
isslightlylargerthanthecorrelationfunctionwidthobtainedinSection3.4. Transversaly,
however,theintegrationlengthiscomparabletothe modesizerecoveredfromtheauto-
correlationfunction.
TheHOM-dipvisibilityhasbeenoptimisedasafunctionoftheintegrationvolume.Thevolume
forwhichthesignal-to-noiseratioismaximalcorrespondstoΩV= 0.028×0.0482 k3lat.
5.3.3 Analysis:populationstability
Whencomparingthenon-normalisedcross-correlationasafunctionof τ,animportantpoint
istoguaranteethatthepopulationsinbeamcanddarestableovertheentireexperimental
realisation.
Incontrasttoquantumopticsexperiments,thecyclerateofcoldatomsexperimentsismuch
longer. EachdatapointofFig.5.10correspondstoanacquisitiontimeofapproximatively
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Figure5.14:Cross-correlationbetweenbeamscanddasafunctionofτwiththeadaptedthresholdvalue.
Representationofthecross-correlationasafunctionofτwiththerespectiveclassical-to-quantumthresholdvaluededucedfrom
Eq.(5.6)ingreen.OnecanseethattheminimumvalueofG(2)cd(τ)
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Figure5.15:Experimentalobservationofthedestructiveinterferenceeﬀectfortwodiﬀerentintegrationvolumes.
Reductionofthecross-correlationbetweenportscanddasafunctionofτ.Forτ≈550µs≈τ0,oneretrievestheminimum
cross-correlationvaluecorrespondingtotheindistinguishablepathsscenario.a)EvolutionofG(2)cdasafunctionofτfor
avolumeofintegrationΩV = 0.0482×0.028(k3lat).b)EvolutionofG(2)cdasafunctionofτforavolumeofintegrationΩV=0.0483(k3lat).
12hours.Togiveanidea,fortheoriginalHOMexperimenteachdatapointcorrespondstoan
acquisitiontimeof10min.[54].Thismeans,inourcase,thatovertheentirerealisationofthe
experimentalcurve,whichtookapproximativelytwoandhalfweeks,thenumberofproduced
atomsinbeamsaandbneededtobeconstant.
InFig.5.16a)andb),thenumberofdetectedatomsinbothoutputportscanddisrepresented
asafunctionofτ.Onecanseethatthepopulationinbothbeamsisratherstablewithanaveraged
numberofatomsinbeamcequalto0.18(1),and0.19(1)inbeamd.Furthermore,wecompare
thestabilityofthemeanaveragedproduct
nc·nd = η
2
ΩVcΩVd ΩVc ΩVd
d3kcd3kdnkc ·nkd
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Figure5.16:Stabilityoftheoutputpopulationoverpropagationduration.a)AveragedatomnumberdetectedinVc
asafunctionofthepropagationtimeτ.Themeanvalueofncis0.19withastandarddeviationof0.01.b)Averagedatom
numberdetectedinVdasafunctionofthepropagationtimeτ.Themeanvalueofndis0.18withastandarddeviationof0.01.
c)Thecross-correlationbetweentheoutputportscandd(solidbluecircles),correspondingtotheHOM-dip,iscomparedtothe
productoftheaverageddensitypopulationsnc·nd (opengraycircles).Theproductoftheaveragedpopulationisconstant
whilethecross-correlationexhibitsadiparoundτ=550µs.
withtheintegratedcross-correlation
G(2)cd=
η2
ΩVcΩVd ΩVc ΩVd
d3kcd3kdnkcnkd .
IftheHOM-dipwasduetoapopulationreductionasafunctionofτ,thenthecurvenc·nd
wouldpresentthesamedipasthecross-correlationG(2)cd.Thisis,however,clearlynotthecaseasonecanseeinFig.5.16c).
Onecanalsorepresentthenormalisedcross-correlationasafunctionofτ.Thisisshownin
Fig.5.17whereitispossibletoseethatthereductionofcoincidencecountsisstilpresentand
thattheminimumcorrelationvalueliesbelowtheclassicalthresholdvalueofG(2)thres=0.81(7).
Inconclusion,althoughthedatacorrespondstoaverylongacquisitionperiod,theaveraged
atomnumberisratherstableoverτandtheHOM-dipcannotbeclassicalyinterpretedbya
variationofthepopulation.
Thevisibilitygivesusinformationabouttheinputstate,inparticular,iftheincomingatoms
arestronglycorrelated.Experimentaly,weobservedanoptimisedvisibilityof0.65(7)which
alowsustoexcludeanypossiblesimpleclassicalexplanationofourresult3.Themostimportant
resultsoftheanalysisuntilnowaresummarisedinTable5.1.
5.4 Dipvisibility:theoreticalestimation
Foranincomingstatecorrespondingtoatwo-modeFockstatewithoneatompermode,|1,1,
itisexpectedthatthecross-correlationfunctionreachestheminimumvalueofzeroasfunction
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Figure5.17:Normalizedcross-correlationfunctionasafunctionofτ.Thedipisstilpresentalthoughthecross-
correlationisnowaveragedbythepopulationproductofbeamcandd.
Optimisedintegrationvolume
IntegrationlengthalongtheverticalaxisLz(klat) 0.028
IntegrationlengthalongthetransverseaxisL⊥(klat) 0.048
MaximumvisibilityV¯ 0.65(7)
ThresholdvisibilityV¯thres 0.45(4)
RatiobetweenobservedvisibilityandthresholdR 1.44(20)
δdeﬁnedbyEq.(5.7) 1.15(5)
Table5.1:HOM-dipresultfortheoptimisedvolumeofintegration.
ofτ.ItisclearfromFig.5.10thatthisdoesnothappenhere.Twofactorsmayberesponsiblefor
thiseﬀect,eitherthedetectedparticlesarenotfulyindistinguishableorthenumberofatoms
containedintheintegrationvolumeexceedunityforeachbeam.
Itispossible,forperfectlyindistinguishableparticles,todeterminetheexpectedvisibility.
Forthis,oneonlyneedstomeasuretheautoandcross-correlationsbeforeapplicationofthe50:50
beam-spliter.Inourexperiment,thisconsistsinperformingthesameexperimentalprocedure
asfortheHOMexperimentbutwithoutapplicationofthemirrororthebeam-spliter.The
visibilityV¯correspondsthen,asseeninChapter1,to
V¯= 2G
(2)
ab
G(2)aa+G(2)bb+2G(2)ab
= 11+(δ/C), (5.9)
withδ= G
(2)
aa+G(2)bb
2 G(2)aaG(2)bb
andC= G
(2)
ab
G(2)aaG(2)bb
(demonstrationscanbefoundinAppendixD).InSection3.4,
seeFig.3.26,onesawthatforLz=0.028andL⊥ =0.048,Creachesthevalue1.75(2)
and,forthesamevolumeofintegration,δ=1.15(5). Theexpectedvisibilityforperfectly
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Figure5.18:EvolutionoftheHOM-visibilityV¯asafunctionoftheaveragedpopulationn.Forn → 0,the
maximumdip-visibilityof1isobtainedforthecaseofastateobtainedthroughspontaneousparametricdown-conversion.For
n→∞,thevisibilitydecreasestotheclassicalthresholdof0.5.Inthegraphicrepresentation,westopatn=4forwhich
thevisibilityhasalreadydecreasedto¯V=0.53.
indistinguishableatomsisthenequalto
V¯expect.=(1+1.15(5)/1.75(2))−1
=0.60(1).
ThisvalueagreeswiththemeasuredvisibilityV¯=0.65(7).
TheﬁnitevalueofG(2)cdatthecenterofthedipisnotduetoaweakindistinguishability.Therefore,theobservedresultmustbeexplainedbythepopulationofthetwoincomingbeams.
5.4.1 Pairpopulation
AsdiscussedinChapter1,forasimplemodelwheretheproducedatomicstatecorresponds
toatwin-Fockstateobtainedthroughparametricdown-conversion,thedipvisibilitycanbe
relatedtotheaveragedpopulationviatherelation
V¯=1− 12+ 12n
. (5.10)
Foraveragedpopulationshigherthanone,n >1,thevisibilityisstronglyreduced,asitis
showninFig.5.18,andtendstotheasymptoticvalueof0.5forn→∞.
FromEq.(5.10),itisthenpossibletoextracttheexpectedvisibilityatagivenvalueofn.
Thiscanbeusedinordertounderstandourexperimentalresult.Nonetheless,itisimportantto
keepinmindthatthiscomparisonisonlyqualitative,since,asseeninSection3.4,theproduced
atomicpairshavediﬀerentpopulationsandtheircorrelationsdonotcorrespondtothoseofa
stategeneratedbyparametricdown-conversion.
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Figure5.19:Probabilityofthedetectedatomnumberbeforeapplicationofthebeam-splitterandafterthebeam-
splitterinthedistinguishableandindistinguishablecase.Probabilityofdetectingnatomsineitherbeamsa(leftpanels)
orb(rightpanels)beforethebeam-spliter(uppercanvas),afterthebeam-spliterinthecaseofdistinguishableparticles(mid
canvas)andforthecaseofindistinguishableparticles(botomcanvas).Theprobabilityisobtainedforanensembleof1000
experimentalrealisations.Inalthreecases,theprobabilityofdetectingzeroparticlesisdominant(between80to90%)andthe
probabilityofdetectingtwoparticlesisatmostafactorfourweakerthantheprobabilityofdetectingoneparticle.Beforethe
beam-spliter,onecanseethattheprobabilitiesarenotthesamebetweenbeamaandbduepopulationimbalancebetweenthe
twobeams.
Determinationoftheaveragedpopulationinbeamaandb.
LetusassumeaninitialPoissonlawdistributionsuchthattheprobabilityofhavingnatomsin
eitherportsaorbcorrespondsto
P(n)=N
n
n!e
−N
withNtheaveragednumberofatomsn=N.TheprobabilityofdetectingpatomsamongN,
knowingthattheeﬃciencyofdetectionisηcanbewritenas
Pdet(p)=
N
n=0
Nn
n!e
−Nηp1−ηn−pnp. (5.11)
Knowingthevalueofthedetectioneﬃciency,itispossibletoretrievetherealaveraged
population.Thevalueofηhasbeenprobedthroughthemeasurementofsub-shotnoisevariance
andestimatedtobeequalorhigherthanη=0.25(5),asdiscussedinSection3.4.2.Thereal
averagedpopulationisthenobtainedbyﬁtingtheprobabilitiesofdetectingpatoms,over1700
identicalrealisations,viaEq.(5.11)withNasfreeparameter.Theexperimentalprobabilitiesof
detecting0,1,2or3atoms,insidevolumeΩV= 0.0482×0.028(k3lat),areshowninFig.5.19forbeamaandb.Onecansee,forinstance,thattheprobabilityofdetectingzeroatomsishigherin
beambthaninbeama.Thisreﬂectsthepopulationasymmetrybetweenthebeams.Byﬁting
thosedistributions,theaveragedpopulationsofbeamaandbarerecovered.
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Pop.Det.Beama Pop.Det.Beamb
P(0) P(1) P(2) P(0) P(1) P(2)
Exp. 0.82(3) 0.16(1) 0.021(4) 0.90(3) 0.090(9) 0.005(6)
Theor.Pop.Det.Beama Theor.Pop.Det.Beamb
η P(0) P(1) P(2) P(0) P(1) P(2) Na Nb
0.15 0.82(3) 0.16(2) 0.016(5) 0.90(2) 0.094(6) 0.005(2) 1.3(2) 0.7(1)
0.25 0.82(2) 0.16(2) 0.016(3) 0.90(2) 0.090(11) 0.005(2) 0.8(1) 0.5(1)
0.35 0.81(3) 0.17(2) 0.018(5) 0.90(4) 0.094(10) 0.005(3) 0.6(1) 0.3(1)
Table5.2: Averagepopulationperatomicbeam. Theupperpartofthetableshowstheexperimentalprobabilitiesof
detecting0,1and2particlesforbothatomicbeamaandb.Theseprobabilitiesareextractedfromthenumberofatomsdetected
over1700identicalexperimentalrealisations.Inordertoretrievetherealpopulationdistribution,weassumethatthestatistical
distributionfolowaPoissonlawwherethefreeparameteristheaveragedpopulationNaforbeamaandNbforbeamb.Sincethe
valueofthedetectioneﬃciencyηplaysacrucialroleintherealpopulationdetermination,werepeatthisanalysisfordiﬀerent
valuesofηfrom0.15,0.25and0.35.Thisisshowninthelowerpartofthetablewhereweadjustthepopulationaveragedof
bothbeamaandbinordertoﬁtthevaluesofP(0,1,2).Foreachvalueofη,weextractthevaluesofNa= na andNb= nb
correspondingtotherealpopulationswhichbestﬁttheexperimentalresults.
ThevaluesofN= n aresummarisedinTable5.2fordiﬀerentvaluesofthedetection
eﬃciencyη=0.15,0.25and0.35. Weextractavalueofna =0.8(3)andnb =0.5(3)
wheretheuncertaintiesareessentialyduetotheuncertaintyonthedetectioneﬃciencyη.This
corresponds,usingEq.(5.10),toanexpectedvisibilityV¯=0.65(8)withuncertaintycoming
essentialyfrompopulationdiﬀerencesbetweenthetwobeams.SinceEq.(5.10)isbasedonthe
factthattheincomingmodeshavesymmetricpopulationsourcomparisoncorrespondstoa
veryroughestimation.Nonetheless,thissimpleinterpretationseemstoagreewithourresults.
5.4.2 EvolutionofthesignaltonoiseratiooftheHOM-dipvisibilitywithn
Aswehaveseensofar,thevisibilityoftheHOM-dipdependsontheaveragedpopulation n
asdescribedbyEq.(5.10).Howeverasmalerpopulationtranslatesintoahigherprobabilityof
havingzeroparticlesattheinputport.Aninterferometerwithzeroparticlesperinputportis
uselessintermsofstatisticaluncertaintyand,consequently,theerrorassociatedtothevisibility
increaseswhenonereducesn.Foraninﬁnitenumberofrealisationsthiswouldnotbean
issuesinceonewouldalwaysdetectaneventafterM→∞repetitions.Theproblemisthat,in
therealworld,onecannotperformaninﬁnitenumberofrepetitions.Thequestionisthento
knowifanoptimalsituation,intermofsignal-to-noiseratio,exists.
ConsiderthattheexperimentisperformedaﬁnitenumberoftimesMandthatthepairs
correspondtotheresultofaspontaneousparametricdown-conversionprocess.Theincoming
pairsarethendescribedbythestate
|ψ =
n
tanhn(λ)
cosh(λ)|n,n,
andthevisibilitycanthenbewriten,asshowedinChapter1,as
V¯=1− 12+ 12n
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Figure5.20:Optimisationofthesignal-to-noiseratiofortheHOM-visibilityasafunctionoftheaveraged
populationn.Representationofthevisibilityasafunctionoftheaveragedpairpopulation ninthecaseofaparametric
down-conversionstate.TheblueareacorrespondstotheexpectedstandarddeviationforMrepetitionsofthesameexperiment.
a)M=1000repetitions,b)M=500repetitions.Onecanseeanoptimisedvalueofαforn=0.2−0.6atomspermode.
withtheassociateduncertainty
δ¯V= ∂¯V∂nδn.
Thisuncertaintydependsontheaveragedpopulationuncertainty,δn,deﬁnedby
δn= n(n+1)√M , (5.12)
wheretheuncertaintycorrespondstothesquarerootofthevarianceforadistributioncor-
respondingtoaspontaneoustwo-modestateobtainedviaparametricdown-conversion.The
uncertaintyδ¯Visthengivenby
δ¯V= n(n+1)√M
2
(4n+1)2. (5.13)
Intheextremesituationn→0,theuncertaintyδ¯Vtendstozerowhichistotalyagainstwhat
onewouldintuitivelyexpect.
Totakeintoaccountthereductionofeﬀectiverealisations,Meﬀ.,wesubtracttoMthenumber
ofeventswherethedetectedparticlesisequalto0.Theeﬀectivenumberofrealisationsisthen
equalto
Meﬀ.=M(1−Pdet.(0),
wherePdet.(0)correspondstotheprobabilityofdetectingzeroparticleseitheroneofthetwo
ports,andisequalto
Pdet.(0)=
∞
p
1−ηptanh
p(λ)
cosh(λ)
2
Thevalueofδ¯Visthengivenby
δ¯V= n(n+1)M(1−Pdet.(0)
2
(4n+1)2. (5.14)
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Figure5.21:Signal-to-noiseratiooftheHOM-dipabovethresholdof0.5.Werepresentthesignal-to-noiseratioofthe
HOM-dipasafunctionoftheaveragedpopulation ninthecaseof1000identicalexperimentalrealisations.Thegraylineat
1.0indicatesthatthevisibilityisatonestandarddeviationfromthethresholdvalue.
InFig.5.20,theevolutionof¯V,withuncertaintyδ¯V,representedbythebluearea,isrep-
resentedasafunctionofn,forthecaseofM =1000,Fig.5.20a),andM =500,Fig.5.20b).
OnecanseethatifMissuﬃcientlylarge,theoptimisedvalueofV¯isrecoveredforthelowest
possiblevaluesof n.Thisguaranteesthattheprobabilityofhavingmorethanoneparticle
perinputchannelisasweakaspossible.Forthecaseofourexperiment,n=0.5–0.8≈0.65
andonerecovers,fromthismodel,avisibilityofV¯=0.635(35)withtheuncertaintygiven
byEq.(5.14). ComparedtotheexperimentalvalueofV¯=0.65(7),weseethatthevalueof
V¯agrees,however,theuncertaintyseemstobeunderestimateinourcalculation.Forhigher
valuesofnthevisibilitydecreasestotheasymptoticvalueofonehalfandtheerrorbarsget
smaler.Inarealexperiment,however,oneismoreinterestedinguaranteeingtheoptimised
signal-to-noiseratio.
InFig.5.21,werepresentthesignal-to-noiseratiodeterminedby
α=V¯−0.5δ¯V ,
Ifα=1,thevisibilityisonestandarddeviationabovetheclassicalthresholdof0.5. Onecan
thenseeforincreasingvaluesofnthatthesignal-to-noiseratioincreasestoanasymptotic
valuedependingonM.Thismeansthatforaﬁxednumberofrepetitionsthesignal-to-noise
ratiotendstoincreasewhenngetslarger.Thisseemscontra-intuitivetothebasicexplanation
oftheHOM-experiment. Fortheaveragepopulationusedinourexperimentalrealisation,
n≈0.65,andknowingthatthenumberofrealisationsvariesbetween500to1000,onewould
expectasignal-to-noiseratioequalto4.3 whichistwotimeslargerthantheonemeasured
experimentalyandequalto2.Thisdiﬀerencemightbeexplainedfromthefactthatourinput
statedoesnotcorrespondexactlytoaspontaneousparametricdown-conversionstateor,due
toﬂuctuationsoftheBECdensitythatwouldleadtoaveragepopulationﬂuctuations.
Inrealexperimentswithacquisitiontimeconstraints,thesignal-to-noiseratiooftheHOM-dip
visibilityincreaseswiththeaveragepopulation. Ourchoiceof n ≈0.5–0.8≈0.65seems
appropriatetoinvestigatetheHOMvisibility. Thisintermediateregimeguaranteesagood
signal-to-noiseratioand,ontheotherhand,alowsustomeasureavisibilitywelabovethe0.5
thresholdvalue.
Increasingthenumberofatomsperatomicbeams,however, mightincreasessecondary
four-wavemixingprocessesthattranslateintolossesinoursystem.Thiswouldtendtoweaken
theHOMeﬀect.
InTable5.3,wesummarisesomequantitiesthathavebeenextractedfromourexperimental
resultsandthataregoingtobeusefulinthenextsection,namely,thedensitywidthofbeams
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Clouda Cloudb Cloudc Cloudd
Densitycenter(klat) 0.73(1) 1.27(2) 0.735(7) 1.272(8)
Densitywidthat1/√e(klat)
zˆ 0.06(1) 0.06(1) 0.08(2) 0.08(2)
xˆ 0.08(2) 0.08(2) 0.10(3) 0.012(3)
yˆ 0.08(2) 0.08(2) 0.10(3) 0.012(3)
CauchyintegrationvolumeΩV(k3lat)
Lx 0.048 0.048
Ly 0.048 0.048
Lz 0.028 0.028
CorrelationcoeﬃcientC 1.75(20)
δfromEq.(5.9) 1.15(5)
HOM-dipvisibilityV¯fromEq.(5.9) 0.6(1)
HOMintegrationvolumeΩV(k3lat)
Lx 0.048 0.048
Ly 0.048 0.048
Lz 0.028 0.028
HOM-integrationcenter(klat) 0.740 1.275
HOM-dipvisibilityV¯ 0.65(7)
AveragenumberofatomsdetectedinsideΩV 0.21 0.13 0.19 0.18
Averagedpopulation 0.84 0.52 0.76 0.72
HOM-dipV¯fromEq.(5.10) 0.64(8)
with n=0.5–0.8
HOM-dipV¯fromEq.(5.10)forn=0.65 0.64(2)
anduncertaintygivenbyEq.(5.14)
Table5.3:SummaryoftheHOManalysis.
beforeandaftertheinterferometricscheme,theintegrationvolumeinordertooptimisethe
HOM-dipvisibility,theaveragedpopulationandtheHOM-dipvisibilityamongothers.
5.5 HOM-dipwidth:someexplanation
FromtheHOM-dip,onecandeterminehowdiﬀerentistheinputstatefromatwin-Fockstate
withoneatompermode. However,thisisnottheonlyinformationthatcanberecovered
fromthisexperiment.Forexample,themaininterestoftheoriginalHOMexperimentwasto
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determinethesizeofthephotonwavepacket[54].Throughthemeasurementofthedipwidth,
thewavepacketsizewasrecoveredwithaprecisionof1fs.InthisSection,theHOM-dipwidth
inourexperimentisdiscussed. Wewilshowthatasfortheoriginalexperimentof1987,the
HOM-dipwidthismostlydeterminedbytheﬁlteringmethods.
5.5.1 Predictionofthewidth
ThegeneralexpressionofG(2)(τ)assuminga50:50beam-spliterandperfectmirrorcanbe
writenas(seeAppendixDformoredetailsonthiscalculation)
G(2)cd(τ)=
1
4[ˆa
†
ka+kbmsaˆ†kb−kbmsaˆka+kbmsaˆkb−kbms − eˆi(φ1−φ1+φ2−φ2)a†kaˆa†kbˆaka+kbmsaˆkb−kbms
− eˆ−i(φ1−φ1+φ2−φ2)a†ka+kbmsaˆ†kb−kbmsaˆkaaˆkb + aˆ†kaˆa†kbˆakaaˆkb]
+14[ˆa
†
kaˆa†kb−kbmsaˆkaaˆkb−kbms + aˆ†kbˆa†ka+kbmsaˆkbaˆka+kbms] (5.15)
with
φ1=−(φS−φM)− ts2m(ka+kbms)
2− tm2m(k
2a−(ka+kbms)2), (5.16a)
φ1=−φM−
ts
2mk
2a+ tm2m(k
2a−(ka+kbms)2), (5.16b)
φ2=(φS−φM)− ts2m(kb−kbms)
2− tm2m(k
2
b−(kb−kbms)2), (5.16c)
φ2=φM−
ts
2mk
2
b+
tm
2m(k
2
b−(kb−kbms)2). (5.16d)
Thismeansthattheindistinguishablecase,correspondingtotheapplicationtimets,0,leadsto
avalueofτ0=ts,0−tm=tm.
Theextremecases
FromEq.(5.15),onecanidentifytheautocorrelationcontributionG(2)aa= aˆ†kaˆa†kb−kbmsaˆkaaˆkb−kbms
andG(2)bb= aˆ†kbˆa†ka+kbmsaˆkbaˆka+kbms aswelasthecross-correlations
G(2)ab= aˆ†kaˆa†kbˆakaaˆkb = aˆ†kb−kbmsaˆ†ka+kbmsaˆkb−kbmsaˆka+kbms
and
G(2)ab= aˆ†kaˆa†kbˆakb−kbmsaˆka+kbms = aˆ†ka+kbmsaˆ†kb−kbmsaˆkbaˆka ,
wherekb=ka+kbms.Thecross-correlationbetweentheoutputportsofthebeam-splitercan
thenberewritenas
G(2)cd(τ)=
1
4G
(2)
aa+G(2)bb +
1
2G
(2)
ab[1−cos(θ)] (5.17)
withθ=φ1+φ2−φ1−φ2=m[kbms(ka+kbms−kb)](τ−tm)andτ=ts−tm.Fortheindistin-guishablecase,τisequaltotm,thuscos(θ)=1,andtheminimumvalueofthecross-correlation
functionisreachedcorrespondingto
G(2)cd(τ0)=
1
4G
(2)
aa+G(2)bb .
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Ontheotherhand,ifτ→∞,thecosinetermaveragestozerointhevolumeofintegrationand
oneextractsthedistinguishablevalueofG(2)cd,givenby
G(2)cd(∞)=
1
4G
(2)
aa+G(2)bb +
1
2G
(2)
ab.
Multimodescenario
Fromthesinglemodepicture,onecannotdeﬁneawidthsincethewavepacketisinﬁnitelylong
[76].Mathematicaly,thismeansthattheoscilatingterm
cos(θ)=cosm(kbms(ka+kbms−kb)(τ−tm),
isalwaysequalsto1,sinceka+kbms−kb=0.
Foramultimodesource,however,thecross-correlationdependson(ka+kbms−kb)(τ−tm),
and,afterintegrationoverk,wilevolvewithτ.Alongthetransversedirection,wewilassume
thattheintegrationlengthissuﬃcientlysmalsothatalthefunctionsatplayareuniformand,
asaconsequence,onlyintegrationalongtheverticalz−axisisgoingtodeterminethewidthof
theHOM-dip.Thisreducestheproblemtoa1Dtreatmentthatiseasiertotreat.
FromEq.(5.17),onecanidentifyﬁvefundamentalquantitiesthatcanprovideinsightson
thedipwidth(seeTable5.3andTable5.4),inparticular:
•theautocorrelationwidthsassociatedtoG(2)aaandG(2)bb(σl,aandσl,b,respectively),althoughtheyarenotdirectlylinkedtotheoscilationtermandhaveanegligibleinﬂuence;
•thecross-correlationwidthassociatedtoG(2)ab(σc);
•thedensitywidth,sincethecloudhasaﬁnitesizeinmomentumspace(σnaandσnb);
•thestabilityofthebeam-spliterwhichrelatestoawidthinmomentumspaceofthe
diﬀractionmomentumkbms.ThiswidthhasbeenprobedinChapter4tobesmalerthan
theautocorrelationwidth;
•andthelengthsofintegrationLa,forbeamka,andLb,forbeamkb,alongthez−axisthat
areidenticalandequaltoLz/2.
Theintegratedcross-correlationfunctionbetweenportscanddcanthenbewriten,assuming
aGaussiandescriptionforthecorrelationsanddensity,as
G(2)cd,Meas.(τ,kaC,kbC)=
η
Lz
2
NaNb
kbms,c+Lz/2
kbms,c−Lz/2
dkbms
Lz
kaC+La
kaC−La
dka
kbC+Lb
kbC−Lb
dkb
×exp−(ka−k¯a)
2
2σ2na
exp
−(kb−k¯b)
2
2σ2nb
exp
−
(kbms−kbms,c)2
2σ2bms

×

1
4
g(2)aa(0)exp
−(ka−kaC)
2
2σ2la
+g(2)bb(0)exp
−(kb−kbC)
2
2σ2lb


+12g
(2)
ab(0)exp−
(ka+kb)/2−1)2
2σ2c
(1−cosθ) , (5.18)
withk¯aand¯kbthecentralpositionsforthetwoatomicbeams,kaCandkbCthecentralposition
aroundwhichtheintegrationisperformedandg(2)aa,g(2)bbandg(2)abthenormalisedcorrelationfunctionsgivenbytheanalysisperformedbeforethebeam-spliter.
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Local Cross
Cloudka Cloudkb
Correlation:σz(klat) 0.012(2) 0.010(2) 0.025(3)
Density:σn(k)z(klat) 0.06(1) 0.06(2)
Table5.4:Widthat1/√e
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Figure5.22:Experimentalobservationofthedestructiveinterferenceeﬀectfortwodiﬀerentintegrationvolumes.
Reductionofthecross-correlationbetweenportscanddasafunctionofτ.Forτ≈550µs≈τ0,oneretrievestheminimum
cross-correlationvaluecorrespondingtotheindistinguishablepathsscenario.a)EvolutionofG(2)cdasafunctionofτfor
avolumeofintegrationΩV = 0.0482×0.028(k3lat).b)EvolutionofG(2)cdasafunctionofτforavolumeofintegrationΩV=0.0483(k3lat).
5.5.2 Comparisonwiththeexperimentalresults
ConsiderthesituationofourexperimentalanalysisdiscussedinSection5.3.1.Inthiscase,
thebeam-splitercorrespondstoadiﬀractioninmomentumspaceequaltokbms,c=0.55klat
withanestimateduncertaintyequaltoσBMS=1×10−2klat(seeChapter4). Thecentersof
thetwovolumesofanalysiskaC=0.740klatandkbC=1.275klatcorrespondtotheonesused
intheHOM-analysisdiscussedinSubsection5.3.1.Thevaluesofthehalf-widthsaregivenin
Table5.3andTable5.4(seeSubsection3.5formoredetails).Theonlyfreeparameteristhenthe
integrationvolumewhichisdeﬁnedbyouranalysis.
ConsiderthetwocasesdiscussedearlierandrepresentedinFig.5.22,wheretheleftpanel
correspondstoLz=2La=2Lb=0.028klatandtherightpaneltotheintegrationlength
Lz=0.048klat.AGaussianﬁtgives,forthesecondcase,awidthsmalerthanfortheﬁrstcase
(σHOM,Lz=0.028≈70(30)µsandσHOM,Lz=0.048≈45(10)µs).Thevisibilityisalsosmalersincethesituationcorrespondstoasumofdistinguishableandindistinguishablepaths,evenwhen
τ=τ0,asschematicalyrepresentedinFig.5.7
OnecanthentrytoestimatethetheoreticalwidthoftheHOM-dipfromEq.(5.18)assuming
2La,b=0.028klatand2La,b=0.048klat.TheresultisrepresentedinFig.5.23a)andb)where
forbothcasesthedipiscentredaroundτ0=550µs.Intheﬁrstcase,Lz=0.028klat,the
theoreticalHOM-dipprediction,122µs,iswiderthantheonemeasured,70(30)µs.Forthe
secondsituation,Lz=0.048klatoneexpectsawidthof100µsstilfarawayfromthemeasured
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Figure5.23:TheoreticalpredictionfortheHOM-dipwidth.a)EvolutionofG(2)asafunctionofτforavolumeof
integrationofΩV = 0.0482×0.028(k3lat)obtainedbyEq.(5.18).b)EvolutionofG(2)asafunctionofτforavolumeofintegrationofΩV=0.0483(k3lat).ThesetwocurvesarethetheoreticalpredictionsoftheexperimentalsituationrepresentedinFig.5.22a)andb)respectivelywiththecenterofintegrationzonesdeﬁnedbyCc=(0,0,0.74)(klat)andCd=(0,0,1.275)(klat)
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Figure5.24:DirectcomparisonbetweentheexperimentalHOM-dipandthetheoreticalprediction.Wecompare
theobtainedresultfortheHOM-dipviaintegrationofEq.(5.18)forkaC=0.74klatandkbC=1.275klatwiththeHOM-dip
obtainedexperimentaly.Twosituationsareconsidered:a)withLz=0.028klatandb)withLz=0.048klat.
valueof45(10)µs.
Twoobservationscanbemade. Theﬁrstisthatinbothcasesthedipiswiderthanthe
oneobservedexperimentaly.Thisdiﬀerencemightcomefromtheuni-dimensionalityofour
analysis.Indeed,weassumedthatthetransverseoverlapwasperfectandthatintegrationalong
thetransverseaxishadnoinﬂuenceonthewidth. AsshowninChapter4thebeam-spliter
laticeisslightlytiltedonthex−axis,thustheoverlapisnotperfect.Thiswouldirremediably
translateintoathinnerdip.Also,thefactthatbothmirrorand50:50beam-spliterarepulsesof
durationlengthequalto100µsand50µs,respectively,leadtoaﬂoatingaveragedoverG(2)(τ)
whichisnottakenintoaccountbyourmodel.
Second,thevolumeofintegrationseemstodeterminetheHOM-dipwidth.Forabroader
volumeofintegration,weﬁndthatnotonlythebackgroundvalueG(2)cd(∞)increasesasexpected
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Lz=0.028klat Lz=0.048klat
σtheo.(klat) 122(4) 100(3)
σexp.(klat) 70(30) 45(10)
RatiobetweenwidthforLz=0.028andLz=0.048
σtheo.(klat) 1.22(5)
σexp.(klat) 1.56(75)
Table5.5:ComparisonbetweentheexperimentalHOM-dipwidthandthetheoreticalypredictedone.
sincethenumberofatomsunderanalysisincreases,butalsothedipgetsthinnerandsmaler
inconcordancetotheexperimentalresultsshowninFig.5.22.Oneexplanationisthatthatfor
largervolumes,oneaveragesoverpathsthatarebothdistinguishableandindistinguishable,
evenforτ=τ0,whichtendstosqueezethecurveofG(2)(τ).Forthecaseofavanishinglocal
correlationandbroadcross-correlationsfunction,onecanassumethattheonlyvaryingterm
correspondsto(1−cosθ).ThenG(2)cd(τ)simpliﬁesto
G(2)cd(τ)=η2NaNb{1−αsinc2(Lzkbms2m[τ−tm])} (5.19)
withτ=ts−tmandαacoeﬃcientproportionaltokbms,kaCandkbC. Thecross-correlation
correspondsthentoasinuscardinalfunctionwhosewidthat1/√eisinverselyproportional
totheintegrationlength.Forsmalerintegrationvolumes,thedipgetlargerasobservedboth
experimentaly,(Fig.5.22)andtheoreticaly(Fig.5.23).
Fromthisanalysis,oneisabletorecoverthequalitativebehaviouroftheHOM-dip.Namely,
wehaveseenthatforlargerintegrationvolumesthedipgetsthinnerandweakerwhichagrees
withtheexperimentalobservations.ThewidthsoftheobservedHOM-dipdonotmatchexactly
theexpectedvaluesasshowninTable5.5.Nevertheless,onecanseethatourdescriptionfolows
correctlytheevolutionofthewidthasafunctionoftheintegrationlength.Thisisshownby
theagreementbetweenthewidthsratioofLz=0.028and0.048klatfromboththeoreticaland
experimentalresults.
DiﬀerenteﬀectsonG(2)(τ)
OnecannowstudythedependenceoftheHOM-dipwidthasafunctionofthediﬀerentquan-
titiesatplay,meaning,thecorrelationsfunctions,densityandmatchingconditionsbetween
ka+kbmsandkb.
Letusconsidertheeﬀectofboththecross-andlocalcorrelationwidths.Fig.5.25a)corre-
spondstothesituationinwhichtheintegrationlengthisequaltoLz=0.028klat,σc=0.025klat,
σla=0.010klat,σlb=0.010klat,σbms=0.010klatandthecentralpositionsofthevolumeof
analysisarekaC=0.740klatandkbC=1.275klat.Thiscorrespondstotheanalysisperformedin
theSubsection5.3.1andSubsection5.5.2.
ThetheoreticalHOM-dippresentsacontrastof0.65andahalf-widthat1/√eequalto
122µs. WecomparethissituationtoFig.5.25b)wherekaCisnowequalto0.8klat.Sincethetwo
cloudsunderanalysisbelongtodiﬀerentmodesand,inthissense,arenotindistinguishable,one
expectsaﬂatdependenceofG(2)cdwithτ.Althoughthereisaslightoscilationaroundτ−tm=0
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Figure5.25:TheoreticalHOM-dipestimationsfordiﬀerentinitialparameters.a)Sameparametersastheonesused
inFig.5.23a).b)Sameasa)butwithkaC=0.8klatinsteadof0.74klat.c)Sameasa)butforσla=σlb=0.050klatinsteadof
σla=0.010klat.d)Sameasa)butforσc=0.050klatinsteadofσc=0.025klat.
whichiscompletelynegligible,theresultshowsnosigniﬁcantreductionofG(2)asafunctionof
τ.
Fig.5.25c)andd)aresimilartothecasea),butthistimeforanautocorrelationwidth
σla=σlb=0.050klat(canvasc))andσc=0.050klat(canvasd). Forthecaseofalarger
autocorrelationfunction,theonlyeﬀectisareductionofthebackgroundcorrelationG(2)bg.dueto
thefactthattheintegratedvalueoftheautocorrelationfunctionsdecreases.Cased),however,
leadstobothareductionofthebackgroundcorrelationvalueaswelasareductionofthe
visibility. Thisisduetothefactthattheintegratedcross-correlationdecreasesand,asa
consequence
C=G(2)ab/ G(2)aaG(2)bb,
getssmaler,leadingtoaweakervisibilityasdiscussedinSection1.2.
TheHOM-dipwidthis,forourexperimentalconditions,deﬁnedbytheintegrationvolumeand
thecentralpositionsoftheanalysis,{kaC;kbC}.Thefundamentalpropertiesofthepairs,suchas
theauto-andcross-correlationscontributepoorly.
5.6 Coalescenceeﬀect
TheHOMeﬀectcanalsobeviewedasacoalescenceeﬀect,inthesensethattwophotonswil
alwaysemergetogetheratoneofthetwooutputports.Thistranslatesintothecreationofa
maximalyentangledstate
|ψout= 1√2(|0c,2d+|2c,0d).
5.6.1 Autocorrelationmeasurement
Inordertodetectthiscoalescenceeﬀect,onehastoperformanauto-correlationmeasurement
atoneofthetwooutputports.Inquantumoptics,onecannotdirectlymeasurethisquantity
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Figure5.26:SchematicrepresentationoftheexperimentdescribedinRef.[206].Theexperimentalowsonetodetermine
theautocorrelationoftheoutputportscandd.Anotherbeam-spliterisplacedonthepathoftheoutputportcandthroughthe
cross-correlationmeasurementbetweentheoutputportsofthenewbeam-splitertheautocorrelationofcisrecovered.Figure
copiedfromRef.[206]
sincethedeadtimeofonephotodiodeislargerthanthetimediﬀerencebetweentwophotons.
Inordertogetridofthisproblem,itisusualinquantumopticstoplaceinoneofthetwooutput
portsanotherbeam-spliterandtolookatthejointprobabilitybetweenthetwonewoutput
ports[79,206].ThisisrepresentedinFig.5.26,wherea50:50beam-spliterisplacedattheexit
portc.
Theautocorrelationofoneoftheoutputports(letusconsideronlythecaseofportc)
evolvesbetweenthedistinguishablecaseandtheindistinguishablecaseasfolow(seemore
informationsinSectionD.4)
G(2)cc,Dis=
1
2G
(2)
ab, (5.20a)
G(2)cc,Ind=G(2)ab, (5.20b)
andcorrespondstoanincreaseofG(2)cc(τ)whenτ=τ0.Inthecaseofthephotonicexperiment,
itisdiﬃculttoperformbothmeasurements,thatisthecross-correlationbetweenportscand
dandtheautocorrelationofeachport,atthesametime. Onthecontrary,inourexperiment,
theMCPdetectorhasadeadtimemuchsmalerthanthearrivaltimediﬀerencebetweenthe
twoatoms.Thus,onecandirectlycomparethecross-correlationbetweenportscandd,tothe
autocorrelationateachoutputport.
InFig.5.27,werepresentthenormalisedcross-correlation(bluecircles)aswelasthenor-
malisedautocorrelationattheoutputportcandd4(greencircles)asafunctionofτ.Itispossible
toidentifyanincreaseontheautocorrelationfunctionwithmaximumslightlydisplacedwhen
comparedtothecross-correlationdipandamplitude. Thebluelineindicatestheempirical
Gaussianﬁtfromwhichthevisibilityisobtained. Onecannowtrytopredicttheexpected
widthoftheautocorrelationfunction.Theautocorrelationfortheoutputportccanbewriten
4Weaveragedtheautocorrelationfunctionsofportcandd.
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Figure5.27:Crossandautocorrelationforoutputportsofthebeam-splitter.Comparisonbetweenthenormalized
cross-correlationasafunctionofτbetweenportscandd(bluecircles)andthenormalisedaveragedvalueoftheautocorrelation
ofportcanddasafunctionofτ(greencircles).ThebluelinecorrespondstotheaGaussianﬁtappliedtothecross-correlation
function. Thedashedgreenlinecorrespondstothesymmetricﬁtwhichshouldcorrespondtotheexpectedresultforthe
autocorrelationfunctionasafunctionofτ.
as
G(2)cc=14G
(2)
aa+G(2)bb +
1
2G
(2)
ab 1+cos
kbms
m (ka−ka)(τ−tm) . (5.21)
Theautocorrelationattheoutputportc,G(2)ccmeasuredoverthevolumeΩV,withintegration
lengthLaalongtheverticalz−axis,isthenequalto(thesamecalculationholdsforG(2)dd)
G(2)cc(τ,kaC)= ηLz
2
NaNb
kbms,c+Lz/2
kbms,c−Lz/2
dkbms
Lz
kaC+La
kaC−La
dka
kbC+Lb
kbC−Lb
dkb
×exp−(ka−kaC)
2
2σ2na
exp
−(kb−kbC)
2
2σ2nb
exp
−
(kbms−kbms,c)2
2σ2bms

×

1
4
g(2)aa(0)exp
−(ka−kaC)
2
2σ2la
+g(2)bb(0)exp
−(kb−kbC)
2
2σ2lb


+12g
(2)
ab(0)exp−
(ka+kb/2−1)2
2σ2c
[1+cosϑ] (5.22)
whereϑ=kbmsm (ka−ka)(τ−tm).IfoneassumesthattheintegrationlengthLzissmal when
comparedtothetypicalwidthofthefunctionsatplay,thenG(2)ccrewritessimplyintermsof
G(2)cc= ηLz
2
NaNb
kbms,c+Lz/2
kbms,c−Lz/2
dkbms
Lz
kaC+La
kaC−La
dka
kbC+Lb
kbC−Lb
dkb(1+cosϑ) (5.23)
whichleadstoG(2)cc=η2NaNb1+αsinc2(2mLz(τ−tm)and,inthissense,theevolutionofG(2)ccisthesymmetricfunctionofthecross-correlationdescribedbyEq.(5.19).Thus,thewidthand
theamplitudeofthebumpmustbeequaltothoseofthedip.However,thisisnottheobserved
resultasonecanseeinFig.5.27,wherethegreendashedlineindicatestheexpectedresult
fortheautocorrelationasafunctionofτ. Thecenterofthebumpisshiftedrespectivelyto
thecross-correlationdipwhichisunexpected.Thisdiscrepancywilbefurtherstudiedinthe
future.
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Figure5.29:ConditionalprobabilitydetectionP(n|m)
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Figure5.30:ConditionalprobabilitydetectionP(n|m)
betweenportscanddfortheindistinguishablecase
zoomedonthetermsP(0|2),P(2|0)andP(1|1)
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Figure5.31:ConditionalprobabilitydetectionP(n|m)
betweenportscanddforthedistinguishablecase
zoomedonthetermsP(0|2),P(2|0)andP(1|1).
5.6.2 Conditionalprobability
Anotherproofofthecoalescenceeﬀectcancomefromthedirectmeasurementoftheconditional
probabilityofdetectingnatomsinportchavingdetectedmatomsinportd.Thisprobability
P(n|m)isrepresentedforboththeindistinguishablesituation(bluehistogram)τ=150µs(see
Fig.5.28)andforthedistinguishablesituation(redhistogram)τ=550µs(seeFig.5.29).Since
theaveragedpopulationisrathersmal,formostoftherealisationsnoatomiccountisregistered
inneitheroneofthetwooutputports.Forthisreason,wezoomonthejointprobabilityP(2|0),
P(0|2)andP(1|1)fortheindistinguishablecase(seeFig.5.31)aswelasforthedistinguishable
one(seeFig.5.30).
Wenotethatforindistinguishablepaths,theconditionalprobabilityP(1|1)reduces,whilethe
probabilityofhavingtwoatomsinoneoftheoutputportsandzeroontheotheroneincreases.
ThisreductionofthecoincidenceprobabilitycorrespondstotheHOMeﬀect.Theasymmetry
betweenP(0|2)andP(2|0)maycomefromthefactthatwedidnotaveragedoversuﬃcient
realisationstorecoverasymmetricsituation(forthedistinguishablecaseitcorrespondstoan
averageover500realisationsandfortheindistinguishablecaseover1000realisations.)
However,onehastokeepinmindthattheseprobabilitiesareobtainedfordetectedatomsand
donotcorrespondtotherealdistributions.Sinceitisdiﬃculttorecovertheinitialconditional
probabilities,thisresultisonlyusefulasaqualitativeestimationofthecoalescenceatplayin
thisexperiment.
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5.7 Otherswaytomeasurethedestructiveinterference:varianceof
thepopulationdiﬀerence
Althoughoriginalycentredonthereductionofthecross-correlationbetweenportscandd,
theHOMeﬀectcanalsobestudiedthroughotherquantitiesasforexamplethenormalised
varianceofthediﬀerencebetweenthetwocloudscandd.Thiswilbediscussedinthissection
andconstitutesacomplementarymeasurementtothecross-correlationanalysis.
Thevarianceofthediﬀerencebetweenthetwooutputportscanddcorrespondsto(see
Section3.4.2andAppendixD.5formoredetails)
Vcd=
a†kcakc−a†kdakd
2 −a†kcakc−a†kdakd2
a†kcakc +a†kdakd
, (5.24)
andcanbere-writenforthecaseofidenticalpopulationsbetweencandd,a†kcakc = a†kdakd =nas
Vcd=
G(2)cc+G(2)dd−2G(2)cd
2n +1.
Inthecaseofdistinguishableparticles,G(2)cd(∞)=G(2)cc(∞)=G(2)dd(∞),andoneﬁndsanor-malisedvarianceequalto
VDis.=1. (5.25)
Whileforthecaseofindistinguishableparticles,wehave
G(2)cc(τ0)=G(2)dd(τ0)=
1
4G
(2)
aa+G(2)bb +G(2)ab,
G(2)cd(τ0)=
1
4G
(2)
aa+G(2)bb ,
and
VInd.=1+ 1nG
(2)
ab. (5.26)
Onecanseethatthisnormalisedvarianceofthediﬀerenceincreasesforthecaseofin-
distinguishableparticles. Asafunctionofτ,itisthenexpectedtomeasureabumparound
τ=τ0.
ThevisibilityofthevarianceV¯Vcorrespondingto
V¯V=VInd.VDis.−1, (5.27)
isthenequal,forthecaseofparticlesgeneratedthroughspontaneousparametricdown-
conversion,to
V¯V= 1nG
(2)
ab=
1
n n·(1+2n), (5.28)
anditscaleslinearlywithn.
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Foraﬁnitedetectioneﬃciencyη,thedetectedvalueofthevarianceisequalto(seeSec-
tion3.4.2)
Vdet.=ηV+(1−η),
leadingtotheexpressions
VInd.,det.=

G(2)ab
nη
+1, (5.29a)
VDis.,det.=1. (5.29b)
Thevisibilityofthebumpisthenequalto
V¯V=
G(2)ab
nη=η(1+2n). (5.30)
Whencomparedtothecross-correlationvisibility
V¯=1− 12+ 12n
,
oneimmediatelyseesthatbothquantitiesarepreferablyappliedtodistinctsituations:
•Largepopulations: n→∞,¯V→ 0.5whileV¯Vgrowslinearlywithηn.Inthissituation,
itisadvantageoustomeasurethevisibilityofthevarianceratherthanthevisibilityofthe
cross-correlation;
•Smalpopulations: n → 0,V¯tendstothemaximumvalueof1whileV¯Vreachesits
minimumvalueofη.Thenforalowernumberofparticles,itispreferabletolookatthe
cross-correlation.
Itisimportanttonotethatthesituationinwhichn→∞isratherdistinctfromtheoriginal
HOMexperiment.ThecoincidencecountwilnolongergotozeroasitisreportedinRef.[82]
anddiscussedinSubsection1.1.1. Thesesituationsareclosertothesqueezedexperiments
performedinthedomainofspinstatesasforexampleinRefs.[53,210].
Thevarianceofthepopulationdiﬀerence,V,asafunctionofτhasalsobeenexperimentaly
probedinourexperimentalset-up.Sinceitispreferabletohavemorethanaparticleperinput
port,thepairproductionratewasincreased,byincreasingthelaticeduration.Theobtained
averagepopulationwasthenequalton ≈2.FromEq.(5.30)onewouldexpecttoobtaina
visibilityofη(1+2n)approximativelyequalto1.
Forthisexperimentalsequence,contrarytothedescriptionmadeinSection5.2,theRaman
transferfromsub-levelmj=1tothesub-levelmj=0wasperformedaftertheinterferometric
scheme. Asaconsequence,thetimebetweenthepairproductionandtheapplicationofthe
mirrorwasontheorderoftm−t0≈250(50)µs.Byvaryingthetimedelayτbetweenthemirror
andthe50:50beam-spliter,oneobservestheevolutionofVasshowninFig.5.32c).Onesees
thatwhentheatomsaremadeindistinguishable,thatisτ≈250µs,thevarianceincreasesfor
kd=1.275(andkc=0.74)(seeFig.5.32a).ThevalueofthevisibilityV¯Visequalto1.0(2)
whichagreeswiththeexpectedresultofEq.(5.30).Thewidthofthebump,ontheotherhand,
istwotimeslargerthanthewidthofthecross-correlationbetweenportscanddasafunction
ofτ.ThiscanbeunderstoodbylookingattheevolutionofVoverτ,withoutintegrationover
ka,b(seeAppendixD.5forthedemonstration),whichisequalto
V(τ)=1+α2G
(2)
ab 1+cos
2kbms
m (τ−tm)(ka+kbms−kb). (5.31)
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Figure5.32:Varianceasafunctionofτ.a)Evolutionofthevarianceasafunctionofthemomentumvectorcomponent
alongtheverticalaxiskforindistinguishablepaths.b)Evolutionofthevarianceasafunctionofthemomentumvector
componentalongtheverticalaxiskfordistinguishablepaths.c)EvolutionofthevarianceVasafunctionofτ.Anincrease
ofthevarianceappearsclearlywhenthepathsareindistinguishable.Thecontrastofapproximatively1iscoherentwiththe
averagednumberofatomsn=2andthedetectioneﬃciencyη=0.25.
Onenoticesthattheoscilatingtermhasnowaperiodicitytwotimeslargerthanthecross-
correlation(seeEq.(5.17),leadingtoabroaderwidthafterintegration.
Thevisibilityofthevariancegivesinsightonthe macroscopic(highnumberofparticles)
particle-interference.ThisstudydeviatesfromtheoriginalHOMexperimentandapproachthe
thematicofatomicinterferometryinmomentumspace.Thisdomainisveryweldevelopedin
thetopicofspinsqueezing[53,210–212]orwithtrappedatoms[213–215]andhasapplications
inmetrology[216,217].However,inourcase,particlesaremovinginrealspacewhichcan,in
thefuture,openthewaytoinertialmeasurementsinterferometrywithnon-classicalstates.
5.8 Roleoftheinteractions
Finaly,incontrasttophotons,atomsinteractwitheachother. Letusconsidertheroleof
interactionsintheHOMeﬀect.InRef.[109],theeﬀectofinteractionsonthedip-visibilitywas
studiedindetail.ItwasshownthattheinteractionsareresponsibleforaneﬀectiveCoulomb
potentialandthatthevisibilitydecreasesrapidlywhentheinteractionpotentialislargewhen
comparedtothefrequencyofthetwophotonRabioscilation.
Intheexperimentdiscussedsofar,thefrequencyΩRisequalto6kHzwhilethechemical
potentialofthepairsisalmostnegligiblesincethepairsareweaklypopulated —thetotal
numberofatomsinbothcloudsdoesnotexceedthirtyatoms.Assumingthatthecloudhasa
sizecomparabletotheoneofthecondensate5,thechemicalpotentialisthenequalto400Hz
andweobtainaratioof
µ
2ΩR=0.033. (5.32)
5Theexpansioneﬀectisnotconsidered,butitwilonlylowertheeﬀectofinteractions
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Figure5.33:HOM-visibilityasafunctionoftheinteractions.EvolutionoftheHOM-visibilityVasafunctionofthe
ratiobetweenthechemicalpotentialandthe2-photonRabifrequency.Figurecopiedfrom[109].
AsitcanbeseeninFig.5.33,foraratioof0.033,theinteractionswilnotinducechangesonthe
expectedvisibility. Wecanthensafelyneglecttheinﬂuenceoftheinteractionsontheobserved
HOMsignal.
5.9 Conclusion
AlongthischaptertheatomicrealisationoftheHOMexperimenthasbeendiscussed. Wehave
shownhowtocombinethediﬀerentblocksdiscussedinChapter2,Chapter3andChapter4in
ordertoperformtheanalogueexperimentwithatoms.
ThevisibilityoftheHOM-dip0.65(7)presentedinSection5.3wascomparedtotheclassi-
calvisibilitythresholdof0.45(4)abovewhichtheresultcannotbeexplainedthroughsimple
classicalmodels.Hereupon,ourexperimentalvisibilitycanonlybeexplainedviaquantumme-
chanicsanddemonstratestheabilityofproducingpairsofatomswithstronger-than-classical
correlationsinmomentumspaceandtomanipulatethemcoherently. Thevalueoftheob-
tainedvisibilityhasbeencomparedtotheoreticalmodelsassumingthattheincomingstate
wasobtainedthroughparametricdown-conversion(seeSection5.4).Theagreementbetween
thisidealmodelandourresultsisrathergood,showingthatsimpletheoreticalargumentscan
qualitativelydescribeourexperiment.However,theHOM-dipwidthhasprovedtobeharder
tofulyunderstand.ThequalitativemodelpresentedinSection5.5givessomeintuitiontothe
experimentalresultbutdoesnotfulydescribeourobservations.
Furthermore,wehaveshown,thatourexperimentalowsustoobservedirectlyboththe
reductiononthecross-correlationbetweenthetwooutputportscanddaswelastheau-
tocorrelationofeachport,althoughthelaterbehavesunexpectedlywhencomparedtothe
cross-correlationvalueasafunctionofτ.
Finaly,wepointedoutthefactthatthroughthemeasurementofthevarianceofthediﬀerence
ofpopulation,informationaboutmanyparticles-interferenceeﬀectcanberetrieved.Thiskind
ofmeasurementscouldbeusefulforfuturetestsofinertialmeasurementsusingpairsofatoms
inmomentumspace.
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Wedevelopalthoselong-windedideas
whichcanjustinterprettherealityofour
livesindiﬀerentways,withoutrealy
extendingourbodyofworthwhile
knowledgeaboutthebigthings.
IrvineWelsh,Trainspoting
Forthepastyears,themetastableheliumexperimentofthelaboratoryCharles–Fabryhas
beenattheforefrontofdevelopmentinthedomainofatomicpairsourceinmomentumspace.
Atomicpairswereﬁrstproducedbycolisionbetweentwocondensatesin2007[48].From
thisexperimentithasbeenshownthatthepairsarecorrelatedinanonclassicalwayvia
measurementofsub-shotnoisevariance[51]andlaterthroughCauchy–Schwarzinequality
violation[96].Otherpairproductionmechanismhasbeendevelopedviamaterwaveanalogue
tothedynamicalCasimireﬀectin2012[39]andpaircreationinmomentumspaceviadynamical
instabilitiesin2013[108].Thelasttechniquealowedustoproduceastableandtunablesource
ofatomicpairsinmomentumspacewithnon-classicalcorrelations.Thegoaloftheseyearsof
investigationhasbeentheaccomplishmentofmilestoneexperimentsofquantumopticswith
mater-waves.Inthismanuscript,wereporttheﬁrstrealisationoftheatomicHOMexperiment
usingtheatomicpairsdevelopedinRef.[108].
Inthisthesis,wehavedescribedthediﬀerentstepstowardstherealisationoftheatomicHOM
experiment.InChapter1,thebasictheoreticalbackgroundfortheHOMexperimentforboth
photonsandatomsareexplained.Fromtheknowledgeofquantumoptics,weidentiﬁedthe
necessarypointstoaddressandpredictedthediﬃcultiestowardsitsexperimentalrealisation
withanatomicsource.DespitetheconceptualinterestoftheHOMexperiment,weshownthat
thisexperimentcanalsobeusedtoprobethepurityofouratomicsourceandhowfaritstands
fromatwo-modesqueezedstatewithoneparticlepermode.TheHOMexperimentisalsothe
ﬁrstevidenceofthemodematchingofournon-classicalatomicpairs.
InChapter2,abriefdescriptionoftheexperimentalstatusatthebeginningofthiswork
wasperformedshowingtheimperfectionsthatwerenecessarytoaddress.Inordertoimprove
thestabilityofthecondensate,ahorizontaltrapwasaddedasdiscussedinSection2.2.This
additionprovidedusamorestableandtunableinitialsourceofatoms.
Thepairproductionmechanismobtainedviadynamicalinstabilitiesofacondensateplaced
onamovinglaticeisdiscussedinChapter3.Thegeometricalalignmentofthelaticehasbeen
changedinordertodecoupletheverticalaxisfromthetransversedirectionsalowingusto
retrieveanexperimentalsituationclosertothe1Ddescriptionofthesystem.InSection3.3,we
haveprovidedthetheoreticalandexperimentalstepsbehindthepaircreationprocess,suchas
phase-matchingconditions,momentumspreadandrelativepopulationoftheatomicpairs.
InChapter4,theexperimentalrealisationandcharacterisationoftheatomicbeam-spliter
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hasbeenexplainedingreatdetail.Particularatentionwasgiventotheresonanceconditions
andhowtoperformthecalibrationontheatomicpairs. Wehavealsoshowedthatthebeam-
spliterdoesnotaddnoisetotheinitialstateformedbytheatomicpairs.Besides,wehave
shownhowtousetheatomic50:50beam-spliterinordertoperformautocorrelationmeasure-
mentsinanalogytoquantumoptics.Thisconﬁrmedpreviousexperimentalresultswherethe
autocorrelationwasdirectlyobtainedfromtheatomicdistributionofthecloud.
InChapter5,theﬁrstexperimentalrealisationoftheatomicHOMwasdiscussed. We
retrievedavisibilityof65±7%,thatcannotbeenexplainedwithclassicalwaves,showingthe
quantumnessofourstate. Weatributethenon-maximalvisibilitytotheaveragepopulation
whichliesaround0.8atoms.InSection5.5,weshowedthatthehalf-widthat1/√eofthe
HOM-dipisequalto70(40)µsandcomparedittoasimpletheoreticalprediction.Aneducated
guessforthediscrepancybetweentheexperimentalandtheoreticalresultswouldrelyonthe
measuredtransverseangleoftheatomicbeam-spliter(0.8◦alongthex−axis)leadingtoa
reductionofthespatialoverlapbetweenthepairs.
TheHOMeﬀectisoffundamentalinterestinordertostudythestatedescribingtheatomic
pairs.Theresultisaproofthatonecan,withthisexperimentalset-up,createatwinparticle
sourceforquantuminterferometry. Thepossibilityofapplyingsuchsystemtothecaseof
macroscopicatomicbeamsinmomentumspaceisdiscussedinSection5.7.Thiscouldopen
thedoortoquantuminterferometrysimilartowhatisperformedinthedomainofspinsqueez-
ingwiththeadvantagethattheparticlesarenottrappedand,so,couldbeusedforinertial
measurements.
Perspectives-testofBel’sinequalities
AlthoughhistoricalyantecedenttotheHOMexperiment,theviolationofBel’sinequalities
isaconceptualmorecomplicatedphenomenon[9,16–18].TheBel’sinequalitytestbasedon
thegedankenexperimentofEinstein,PodolskyandRosen[1],correspondstothetranslation
ofanepistemologicalproblemtothedomainofexperimentalphysics.Theproblemraisedby
Einsteinandco-authorsshowstheprofoundabstractnatureofquantummechanics.Intheir
paper,thefolowingquestionwasasked:Canquantum-mechanicaldescriptionofphysicalreality
beconsideredcomplete?Thequestionwascentredonthefactthat"Inquantummechanicsinthe
caseoftwophysicalquantitiesdescribedbynon-commutingoperators,theknowledgeofone
precludestheknowledgeoftheother.".
Thesituationcanbeeasilyexplainedconsideringthatonecreatesapairofentangledparticles
travelingawayfromeachother.Theparticlesaredescribedbythesamequantumstate,this
means,thatonecannotdescribeeachparticleindependentlyoftheother.Supposethenthe
situationinwhichafteracertaintimet,oneofthetwoparticlesisread.Forthecaseofphotons,
forexample,thesituationisoftenrepresentedbythemeasurementofthepolarisationaftera
certaintravelingtimet[218].Oncethemeasurementisperformed,theanswerononeofthe
two-particlesimmediatelyﬁxestheresultontheotherparticle.ThequestionraisedbyEinstein,
PodolskyandRosen,ishowcaninformationbeinstantlyexchangedbetweenthetwoparticles
knowingthatnothingcantravelfasterthanthespeedoflight? Onesolutionwouldbethat
ahiddeninformation,notdescribedbyquantummechanics,wouldimmediatelyﬁxtheresult
ofthetwoparticleswhentheyarestilclosetoeachother.Thiswouldmeanthatquantum
theoryisnotcompletewhichwasexactlythepointofviewoftheCopenhageninterpretation
[2]. Quantummechanicshowever,wouldarguethatalthoughthemeasurementofthetwo
particlesis100%dependentofeachother,thisstrongcorrelationwouldonlyappearoncewe
comparetheresultofthetwomeasurementsand,inthissense,noinformationhadtraveled
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Figure6.1:SchematicrepresentationofanexperimentalrealisationofBel’sinequalitytest.Severalmodesare
outcomingfromtheinitialsource,modeacorrelatedwithb,awithb anda withb.Themirrorandbeam-spliterare
calibratedsuchthataandboverlaponthebeam-spliter.Thisimpliesthatmodeaoverlapwithmodebandawithb.
fasterthanlight.
Beltransformedthisquestiontoanalgebraicprediction[6].Thelocalrealismdefendedby
Einsteinandco-authors,translatedthenintheveriﬁcationofacertaininequality,denominated
ofBel’sinequality.Aviolationofsuchinequalitywouldirremediablyproofthatthedescription
ofthesystembyquantummechanicsiscompleteandthattheparticlesareentangled.This
hasbeenprovedtobetrueinseveralexperiments,sincetheﬁrstBel’sinequalitytestusing
polarisationofentangledphotons[9,16,17]totestsviolationsbasedonphaseandmomentum
variables[18].
ThemaingoalinthenearfuturewouldbetestBel’sinequalityinourexperimentalset-
up.Thestepstowardsthisresultwouldresembleverymuchtothe1990’sRarityandTapster
experiment[18].Inourcase,particlesareentangledinmomentumspaceandtheinequalitycan
besortedoutbyplayingwiththerelativephaseofthepairs[219].Theexperimentalsituationof
Bel’sinequalitiesviolationcorresponds,initssimplerform,totheonerepresentedinFig.6.1.
Twomodesdescribedbythemomenta{ka,kb}and{ka,kb}arecreatedattimet0=0.The
interferometricschemeissuchthatthemodesaremixed,thismeaningthatkaisrecombined
withkb andka withkb. Furthermore,themirrorforkaandkb imprintsaphaseφM on
theatomicbeamswhilethebeamska andkbgetadiﬀerentphaseϕM.Thesamehappens
withthe50:50beam-spliter,withaphaseφSandϕS,respectively.Thisiseasilyperformed
experimentalybyapplyingthetwolaserpulsesatdiﬀerenttimesandchangingtherelative
phasebetweenthelaserbeamsmeanwhile.
TheBel’sinequalitiescanbewritenfromaparameterSintroducedinlate60’s,seeRef.[7],
andknownastheClauser–Horne–Shimony–Holt(CHSH)parametersuchthatif
|S|>2, (6.1)
withSbeingafunctiondependentofthecorrelationsbetweenthediﬀerentoutputports,the
stateisentangledandlocalhidden-variablescannotexplainrealmeasurements,seeAppendixE
fordetailscalculations.
Letusassumethatthestateisdescribedbytwoindependentparametricdown-conversion
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Figure6.2:DependenceofSasafunctionofn.Forincreasingvaluesofn,oneseesareductionofStothevalueof
2
3
√2.Forn→0,Stendstoitsmaximumvalueof2√2≈2.8.
states,suchthat
|ψ =
n
tanhn(λ)
cosh(λ) m
tanhm(λ)
cosh(λ)|n,n,m,m ,
withsinh2(λ)= n= m.TheexpressionofScan,aftersomecalculations,bewritenas[219]
S=2√2(1+n)(1+3n).
Forn=0,SreachesthemaximumvalueofS=2√2andforincreasingaveragepopulations,
n→∞,SdecreasestotheasymptoticvalueofS=23
√2.Thus,theBel’sinequalityisviolate
whenthenumberofparticlesissmal.ThebehaviourofSasafunctionofnisrepresented
inFig.6.2. Onecanseethatforanaveragepopulationabove0.26theCHSH’sparameteris
smalerthan2andonedoesnolongerviolatedtheinequality.Onceagain,theimportanceof
havingalowpopulationnumberinthepairsisessentialtoincreasethedegreeofviolationof
theinequality.Thereductionoftheaveragepopulationisevenstrongerthantheoneneeded
fortheHOMexperimentwhichwilleadtoevenlongeracquisitiontimeinordertoincrease
thesignal-to-noiseratio.
Otherquestions,concerningthequantumeﬃciency,thechangeinthetwomirrororbeam-
spliterphasestiming,canstilleadtoloopholeswherehiddenvariablescouldexplainthe
resultthroughlocalrealism. However,inourexperimentthesequestionswouldprobablybe
ratherdiﬃculttoaddressexperimentaly.Thisexperiment,nonetheless,canexploreinteresting
regimesfortheoriesofgravitationaldecoherence[219–222]andcanthereforebeofmaininterest
forthetheoreticalconstructionofquantumgravity.
Insummary,withtheresultsoftheHOMexperimentinmind,therealisationoftheBel’s
inequalitytestseemsratherstraightforwardtoperform.Theonlyexperimentaldiﬃculty,at
themoment,isrelativetothecontrolofthephaseofbothmirrorandbeam-spliter.Thisphase
determinesthevalueofθ.ItisfundamentaltoguaranteeastabilityofφM−φSandϕM−ϕS
welbelowπ/4.AsdiscussedinChapter4,thestudyofthisstabilityhasalreadybeeninitiated
duringthepresentedworkandfurthertestsarebeingcarriedon.Itisalsoimportanttohave
inmind,asasidenote,thatnotonlythephaseofbothmirrorandbeam-spliterdeterminesthe
valueofθbutalsothecontributionofbothtimediﬀerencets−2tsandtheenergyconservation
k2a +k2b −k2a−k2b(seemoreinformationsinAppendixE).AsfortheHOMexperiment,anintegrationwilbeperformedinmomentumspaceinordertoincreasethesignal-to-noiseratio
and,consequently,thecontributionofk2a +k2b −k2a−k2bwilnotbezero.Nevertheless,since
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itisassociatewithts−2tm,bychoosingts=2tmitispossibletocanceloutthisterm.Thisis
ensured,oncemore,viatheresultsofourHOMexperimentdiscussedinthismanuscript.
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AppendixA
Speedofsoundexpressioninthecase
ofaquasi-1DBose–Einsteincondensate
WepresentacontinuationoftheworkpresentedinRef.[64]alowingtothedeterminethespeed
ofsoundofthecondensatecintheintermediatequasi-1Dregime.Althoughthedetermination
ofthespeedofsoundiswelknownforboth3Dand1Dsystems,itsdeterminationinthe
intermediateregime,ofinterestinourwork,isherereported.
Startingfromthedispersionrelation
Ek(z)= EkEk+24π
2a
m n0,¯A(z)
whereEkisthekineticenergygivenby
Ek=
2k2
2m
andn0,¯A(z)isthelinearpeakdensity
n0,¯A(z)=n1D(z)
∞
0
2π
0
dρdθρ f⊥(ρ)2= n1D(z)2πw2⊥[n1D(z)]
.
Thechemicalpotentialcanthenbewritenas
24π
2a
m n0,¯A(z)= ω⊥ µ¯[n1D(z)]−
1
µ¯[n1D(z)]
whereµ¯[n1D(z)]=µe.l.[n1D(z)]/(ω⊥),seeSubsection2.2.3.
Thespeedofsoundisusualyintroducedinthedispersionrelationby
Ek= Ek(Ek+2mc2).
Bylookingatthepreviousequations,oneﬁnds
c(z)= ω⊥2m µ¯[n1D(z)]−
1
µ¯[n1D(z)].
Speedofsoundexpressioninthecaseofaquasi-1DBose–Einsteincondensate
Thevalueofccanbeobtainedbyintegratingn(z)overz,sooneﬁnalyretrieves
c= ω⊥m
L
Nat
L
−L
dz
1+
α
21−z
2 − 11+α2(1−z2)
. (A.1)
TableA.1summarisesthediﬀerentresultsofthespeedofsoundasfunctionofthetypical
trappingfrequenciesofourexperimentalset-up.
ω⊥=2π×1275Hz
ωz=2π×7Hz ωz=2π×93Hz ωz=2π×170Hz
Nat=3×104 Nat=5×104 Nat=7×104
c(cm/s) 1.14 2.28 2.8
TableA.1: Typicalvaluesofthespeedofsoundc.Thetypicalvaluesofthespeedofsoundinourset-uparegiven
folowingRef.[64].
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Characterisationofthecrosseddipole
trap
ThecrosseddipoletrapcorrespondstooneIPGlaser,at1550nmwithmaximumpower5W,split
intwoindependentopticalpathswithindependentacousto-opticmodulators(seeFig.B.1).The
eﬀectivemaximumpowerontheatomsisequalto2W.Mostoftheopticalpowerisdistributed
ontheverticalbeamandaround10%tothehorizontalbeam. Bothbeamsareredshifted
withrespecttotheatomictransition23S1→23P(wavelengthof1083nm)withtheirfrequency
shifted80MHzwithrespecttoeachother,inothertoavoidlowfrequencymodulationofthe
trapintensity1.Onebeampropagatesalongtheverticalz−axiscorrespondingtothe“original”
trapdescribedinRef.[150]andthesecondonthehorizontalplaneandformsanangleof
8.6◦withrespecttothex−axis,deﬁnedbythemagnetictrap(seeFig.B.1andFig.B.2).The
typicalpowerusedforthecrosseddipoletrapis600mWfortheverticaltrapand30mWfor
thehorizontaltrap.
Fortheverticalbeam,thewaistis43(1.5)µm. Thisvaluewasindirectlyobtainedby
parametricexcitationofthecloud[168]. However,thismeasurementdoesnotagreewith
anindependent,geometricalmeasurementrealisedontheopticalbench. Thisconsistedin
measuringthewaistofthebeamatdiﬀerentpositionsafterthelens.Itwasthenexpecteda
waistontheatomsof35µm[150].Thisdiﬀerenceisprobablyduetoaberrationsintroduced
eitherbythewindowofthesciencechamberorbyaccidentalmodiﬁcationsoftheopticalpath
duringtheﬁnalalignment.FormoredetailsinthesecalculationspleaseseeRef.[150]
Forthehorizontalbeam,thesamegeometriccalibrationofthewaisthasbeencarriedout.
Severalmeasurementsofthespotsizewereperformedafteralensoffocal400mmasafunction
oftherelativepositiontothefocalplaneasshowninFig.B.3.Thedataisﬁtedbythefunction
w(x)=w0 1+
λxπw20

2
,
withw(x)correspondingtothespotsizeatapositionx,w0thewaistradiusofthebeamand
λthewavelength. Fromthisﬁt,itwasextractedavalueofw0=58(1)µmcorresponding
tothetheoreticalexpectedwaistofthehorizontaltrapbeamonthefocalplane.Thelowest
experimentalmeasuredvalueofthewaistwasequalto65µm.Sincewedidnotmeasurethe
waistatx=0,onecanonlyguarantee,thateveninthepresenceofaberrations,theminimum
waistmustbe,atleast,of65µm.
1Ifthemodulationintensityisclosetoatrappingfrequency,thisinducesparametricexcitationofthecloud.Since
thetypicalfrequenciesofourtrapareontheorderofthekHz,adetuningof80MHzbetweenbothtrappingbeams
guaranteesthatweavoidtheresonance.
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FigureB.1:Schematicrepresentationoftheopticalbenchforthehorizontalbeamtrap.Thelaserbeamissplitin
twowithonepartusedfortheverticaldipoletrapdescribedinRef.[150]andtheotherinjectedintoapolarisation-maintaining
opticalﬁbertakingthebeamtoanotheropticalbench.There,thebeamgoesthroughanacousto-opticmodulatorwhereitis
diﬀractedintothe+1orderwithaneﬃciencyof90%.Theopticalpowerontheorder+1issetbyincreasingtheRFpoweron
theacousto-opticmodulator.Order+1isdetunedby40MHzwithrespecttotheorder0.Thebeamisthensplitwith1%of
thepowersenttoaphotodiodeinordertolockthehorizontalbeamintensity.Theotherpartisagaininjectedandtheoutput
colimatorcorrespondstoaF810APCfromThorlabsleadingtoadiameterbeamof7mm.Thebeamgoesthenbyafocuslens
of400mmleadingtoawaistontheatomsof82µm.
FigureB.2:Schematicrepresentationofthecrosseddipoletrap.
However,asforthecaseoftheverticaltrap,thisvaluedoesnotcorrespondtothemeasured
valueontheatoms.Indeed,oneretrievesfromparametricexcitationawaistof82(4)µm[168].
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FigureB.3: Waistcalibra-
tionofthehorizontalbeam.
Thespotsizeisdeterminedat
diﬀerentpositionsafterthefo-
cusinglensoffocallengthf=
400mm.Theminimumvalue
ofthewaistis65µm
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FigureB.4: Loadingsequenceforthealign-
mentbetweentheverticalandhorizontal
dipoletraps.Theverticaldipoletrapisturned
onandsuperimposedwiththemagnetictrapfor
1s.Duringthistime,asmalfractionoftheatoms
aretransferredintheverticaldipoletrap.Themag-
netictrapisthenswitchedoﬀandtheatomsarekept
intheverticaltrapfor3s.Thehorizontalbeamis
turnedonin1sandkeptatitsmaximumintensity.
Theverticaltrapisthenswitchedoﬀand200ms
laterthehorizontaltrapisalsoswitchedoﬀ. By
lookingatthenumberofatomsremaininginside
thehorizontaltraponecaninferthealignmentbe-
tweenthetwotraps.
Thissystematicdiﬀerencecouldpointonthedirectionoftheroleplayedbythesciencechamber
window,although,atthemomentnoconcludingtesthasbeenperformed.
Alignmentprotocol
Inordertooverlapthetwobeams,theexperimentalsequencerepresentedinFig.B.4isapplied.
Theatomsareadiabaticalyloadedintheverticaldipoletrapfromthemagnetictrapbyramping
uptheintensityoftheverticalbeamin1s. Whentheintensityreachesitsmaximumvalue,
themagnetictrapisswitchedoﬀandtheatomsonlyremainintheverticaltrap. Thenon
transferredatomsfalduetogravityandarelost.Theintensityofthebeamisthenadiabaticaly
rampeddowntoagivenﬁnalvalue.Atthismoment,theroot-mean-squaresizeofthecloud
is200−300µmalongtheverticalaxisand5µmtransversaly,givenbythetemperatureofthe
cloudandthetrappingfrequencies.Thehorizontalbeamisthenadiabaticalyturnedonand
whenitsmaximumvalueisreachedtheverticalbeamisswitchedoﬀ.
Ifthehorizontalbeamoverlapsperfectlyandifatomsarecoldenoughtonotescapefrom
thehorizontaltrap,thenalofthemaretransferredtothehorizontaltrapandnoatomislost.
Thehorizontalbeamisthenswitchedoﬀand,aftertime-of-ﬂight,werecordtheatomsonthe
MCP.
Thealignmentwiththehorizontaltrapisthenscannedbymovingtheverticalpositionofthe
horizontalbeam.Todoso,wemovetheverticalpositionofthelenswhichisﬁxedona3−axis
stage. Atypicaltransferredpopulationratioasafunctionofthehorizontalbeampositionis
plotedinFig.B.5.Thewidthofthetransferproﬁleisaconvolutionbetweenthesizeofthe
cloudandthewaistofthehorizontalbeam.Thefactthatthepopulationtransferdoesnotrise
upto1isduetoseveralreasons.First,thetypicaltemperatureofthecloudintheverticaltrap
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FigureB.5:Typicalloadingeﬃciency.Trans-
ferofpopulationbetweentheverticalandhorizon-
taldipoletrap. Thewidthofthetransfercorre-
spondstoaconvolutionbetweentheinitialcloud
sizealongtheverticaldirection300µm
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FigureB.6: Usualloadingsequenceofthe
atomsinthecrosseddipoletrap.Bothoptical
beamsintensitiesareturnedonadiabaticalyin1s
duringwhichtheyaresuperposedtothemagnetic
trap.Afterthisadiabaticloadingoftheatoms,the
magnetictrapisswitchedoﬀinafewms.Thehori-
zontalbeamiskeptatitsmaximumintensitywhile
theverticalundergoesanadiabaticdecreaseofits
intensityleadingtoevaporativecoolingofthether-
malcloud.Aftertheevaporation,theverticaltrap
alonecannottraptheatoms,and,asaconsequence,
theremainingatomshavetobeinthecrossedre-
gion.Thecondensateisthencreatedinthepotential
formedbythetwobeamswithtrappingfrequencies
givenbysecondderivativesofEq.(B.1).
(500nK)iscomparabletothetrapdepthofthehorizontaltrap(1µK)and,consequently,some
atomsescapefromthenewtrap.Second,weobservedthepresenceofresidualmagneticﬁelds
whichinduceoscilationsalongthelongaxisofthehorizontaltrap. Whentheverticaltrapis
turnedoﬀtheatomsareonlyconﬁnedbythehorizontalbeam.Ifamagneticgradientinduces
aforcealongitspropagationaxis,wherethetrappingpotentialisweaker,thentheatomsstart
tooscilateinthetrap.Iftheperturbationsarestrongenoughtopushatomsoutsideofthe
trappingpotentialitcanresultinlosses. Whenbothdipoletrapsareon,however,theresidual
magneticforceiscompletelynegligiblecomparedtotheverticalconﬁnementcreatedbyonly
theverticalbeam.
B.1 Crosseddipoletrappotential
Inordertocreateanatractiveorrepulsivepotentialvialight-materinteraction,onecantake
advantageoftheinduceddipoleoftheelectromagneticﬁeld[151].
TheﬁnalloadingsequencecorrespondstotheschemeofFig.B.6.Bothbeamsareadiabat-
icalyrampedonin1s,afterwhichthemagnetictrapisswitchedoﬀ.Thehorizontalbeam
ismaintainedataconstantﬁnalvaluewhiletheverticalbeamperformsanevaporationramp
untilitreachesaﬁnalvalue,whichiskeptconstant.Theﬁnalpoweroftheverticalbeamalows
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FigureB.7:Representationofthedipolepotentialfeltbytheatoms.a)Dipolepotentialasafunctionofzforthecase
oftheverticalbeam.Thedipolepotentialonlycompensatesgravityandnowelisvisible.b)Dipolepotentialasafunctionofz
forthecaseofacrossedbeamsituation.Awelappearsatz=0whichcorrespondstothecrossingofthetwobeams.
onetocompensatethegravitypotentialatthepositionofthehorizontalbeambutcannotform
atrappingpotentialalonealongthelongitudinaldirection.Thiscorresponds,forawaistof
wvert=43.0(5)µm,toanopticalpowerofPvert=585mWandresultsinthepotentialproﬁle
displayedinFig.B.7a). Whenthehorizontalbeamisaddedthepotentialpresentsawelcentred
atz=0asshowninFig.B.7b)with
Vopt(x,y,z)=Vvert
Exp
−
2(x2+y2)
w2vert z−z0zvert
2+1

z−z0zvert
2+1
−mgz+Vhor
Exp
−
2(y2+(z−z0)2)
w2hor xxhor
2
+1

x
xhor
2+1
, (B.1)
where
Vvert=−3πc
2
2ω30
2Pvert
πw2vert
Γ
ω0−ωdip+
Γ
ω0+ωdip
and
Vhor=−3πc
2
2ω30
2Phor
πw2hor
Γ
ω0−ωdip+
Γ
ω0+ωdip
withΓ=2π×1.6MHzcorrespondingtothewidthofthetransition23S1→ 23P2,ω0the
frequencyofthetransition,ωdipthefrequencyoftheelectromagneticﬁeld,wvertthewaistof
theverticalbeam,zvert= πw2vert λdiptheverticalbeamRayleighlength,xhor= πw2hor λdipthehorizontalbeamRayleighlength,whorthehorizontalbeamwaistandz0=2.3mmthe
centralpositionoftheverticalwaist.TheusualapproximationwherethetermΓ/(ω0+ωdip)is
neglectedcannotbeperformedsincethewavelengthofthelaserλdip=1550nmisnotcloseto
theresonantwavelengthλ0=1083nm.
Asseenpreviously,wvert.=43µmwhilewhor=82µm.Intheinset,wecanseethatthewel,
forahorizontalbeampowerof30mW,isveryshalow,withadepthofonly400nK.Ashalow
welhasitsownadvantagessinceitisveryeasyforatomswithnonzerospeedtoescapefrom
thetrap.Itisimportanttonotethatthetransverseconﬁnementisalmostunchangedsince
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FigureB.8: Determinationofthehorizontalbeamwaist.Indirectmeasurementofthehorizontalbeamwaistviathe
evolutionofthetrappingfrequencyalongtheverticalz−axisasafunctionofthehorizontalbeampower.Theredshadedarea
correspondstothetheoreticalestimationofthefrequencyevolutionusingEq.(B.2)forwhorrangingfrom78µmto88µm.In
insetthedipoletrapdepthisrepresentedasafunctionofthehorizontalbeampower.Thehorizontalbluelinecorrespondstothe
residualthermalcloudtemperature.
thecontributionofthehorizontalbeamisnegligiblewhencomparedtotheverticalone.It
istheinversesituationalongtheverticalaxiswherethehorizontaltrapdeﬁnestheconﬁning
potential.
Determinationofthehorizontalbeamwaist
Onecanusetheproducedpotentialinordertoindirectlymeasurethewaistofthehorizontal
beam. Byscanningthelongitudinalfrequencyasafunctionofthehorizontalbeampower,
throughtheoscilationoftheBECinthedipoletrap(seeSubsection2.2.5),oneretrievesacurve
whichcanbeﬁtedbythetheoreticalvalue
ωz= 1m
∂2Vopt(0,0,z)
∂z2 , (B.2)
assuminganharmonicpotentialandwhereVopt(x,y,z)isdeﬁnedbyEq.(B.1).Forsteeper
potentials,theoscilationfrequencyincreases.Sincethewaistoftheverticalbeamhasbeen
independentlycalibrated,theonlyfreeparameteristhenthevalueofthehorizontalbeamwaist
whor.
TheresultisplotedinFig.B.8.Thebluecirclescorrespondtotheexperimentalmeasurement
ofthelongitudinalfrequencyforpowersPhor=110mW,75mWand30mW.Thehorizontal
beamwaististhenestimatedatwhor=82(4)µmwheretheuncertaintyisduetothefactthat
forloweropticalpower,theatomsreachtheedgesofthetrap,asshownintheinsetofFig.B.8.
Consequently,theoscilationismodiﬁedbytheanharmonicityofthetrapand,forlowoptical
powers,thespeedgivenbytheatomsstarttobeequaltothetrapdepthandtheharmonic
approximationdoesnotholdanymore.ThisinvalidatestheﬁtingcurvedescribedbyEq.(B.2)
andthepointat30mWlaysoutsidetheprediction.
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FigureB.9: Determinationoftheverticaldipoletrapbeamwaist. Indirectmeasurementoftheverticaldipoletrap
beamwaistontheatomsviathealignmentofthehorizontalbeamwiththeverticaloneasafunctionoftheverticalbeam
power.Since,gravitytendstolowerthepositionofthepotentialminimum,thischangesasafunctionofthebeampower.By
scanningthepoweroftheverticalbeamandretrievingitsdisplacementbythetransferofpopulationwiththehorizontaltrap,
oneestimatesthewaistoftheverticalbeam.
Determinationoftheverticalbeamwaist
Asforthehorizontalbeamwaistdetermination,onecanalsoextractinformationofthevertical
trapviaEq.(B.1).Duetothegravity,thepositionofthepotentialwel minimumdependson
theverticalbeampowerand,asthepowerdecreasesthepotentialminimummovestonegative
positions.Bychangingtheverticalbeampower,oneinducesashiftoftheminimumpotential
positionand,consequently,oftheverticalpositionofthecloud.Thealignmentofthehorizontal
armisperformedasbefore,bychangingtheverticalpositionofthelens.Now,foreachpower
valueoftheverticalbeam,oneretrievesadiﬀerentoptimisedalignmentbetweenthetwobeams
asshowninFig.B.9(bluedots).TheexperimentalresultscanbeﬁtedbyEq.(B.2)withwvert.
asfreeparameter.Thereferenceframeorigincorrespondstotheretrievedexperimentalvalue
at800mW.
InFig.B.9,theexperimentalpointsarecomparedtothetheoreticalminimumtrappositionfor
diﬀerentverticalwaist.Theshadedredareacorrespondstotheexpectedtheoreticalevolution,
forawaistvaryingfrom43.5µmto42.5µmandassumingthatthemeasuredpowercorresponds
tothevalueontheatoms.Itispossibletoseethatourexperimentalpointsﬁtwelinbetween
thistwotheoreticalpredictionsgivingusanestimationofthewaistof43.0(5)µm.Thisvalue
agreeswiththepreviousmeasurementsdescribedinRef.[142].
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AppendixC
Ramantransferset-upforametastable
Heliumexperiment
Inourexperimentalprocedure,aftertheopticaltraphasbeenswitchedoﬀ,transfertothem=0
stateisdone. Thisisnecessaryduetothepresenceofstraymagneticﬁeldsinthevacuum
chamberthatotherwisewouldleadtoaseveredeformationoftheatomicdistributionduring
thelongfreefal. Thetransferisachievedbyintroducingatwo-photoncouplingbetween
them=1state,inwhichtheatomsareinitialy,andthem=0stateusingtwolaserbeams
resultantfromasinglesourceemitingat1083nmanddetunedby600MHzfromthe23S1to
23P0transitionasshowninFig.C.1.Theopticalpolarisationoftheﬁrstbeamissethorizontaly
inordertoperformtheπtransitionandtheotherbeamisverticalypolarisedguaranteeingthe
σ−transition.Becausetheverticalpolarisationbeamisdecomposedintoσ−andσ+,thepower
istwotimeslargerthanfortheotherlaserbeam.
Thefrequencydiﬀerenceofthelaserbeamsischirpedacrossthetwo-photonresonanceso
astorealiseanadiabaticfastpassagetransition(thefrequencychangeis300kHzin300µs).
Wehavemeasuredthefractionoftransferredatomstobe94%.Thisiscalibratedbylookingat
thedetectednumberofatomsinstatemj=1withoutRamantransferandbycompareitwith
theremainingpopulationinthemj=1stateaftertransferasshowninFig.C.2.Thetransfer
eﬃciencycorrespondsthensimplytotheratiobetweenthepopulationsofbothsituations.The
remaining6%stayinthem=1stateandarepushedawayfromtheintegrationvolumesbythe
straymagneticﬁeldgradients.
Sincetherelativeanglebetweenthetwolaserbeamsisnonzero,asmalvelocityvectoris
giventothetransferredatoms.Thiscorrespondstoanincreaseofthespeedalongthevertical
directionof0.2vlat.ThisisaccountedintheconditionofresonanceofBraggdiﬀraction.
Ramantransferset-upforametastableHeliumexperiment
FigureC.1:Representationoftheatomictransition23S1→23P0usedfortheRamantransfer.Theenergeticdiﬀerence
betweenthesublevelsmj=±1isduetoamagneticbiasﬁeldof3G.Thiscorrespondstoanenergydiﬀerenceof2π× ×8.2
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FigureC.2:Ramaneﬃciencycalibration.a)Remainingatomnumberinthestatemj=1afterapplyingtheRaman
transfer.Thenumberofdetectedatomsis272,averagedover40realisations.b)Detectednumberofatomsinthestatemj=1
withoutapplyingaRamantransfer.Thenumberofatomsis,inaverage,2910. However,thisnumberisprobablyalow
estimationsincethecloudseemstosaturatethedetector(seeSubsection2.1.2.)
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DetailedcalculationsfortheHOM
experiment
D.1 Beam-spliterscateringmatrix
Inordertodescribetheevolutionoftheatomicpairsa2×2matrixdescriptionwilbeadopted.
ThiscorrespondstoaRabioscilationbetweentwoexternalstatesviatheapplicationofa
shalowopticallatice.Anopticallaticeiscreatedviatheinterferenceoftwolaserbeamsthat
giverisetoaspatialperiodicmodulationoflightintensity.Foranatomshinnedbybothlaser
beamsthiscorrespondstoaperiodicpotentialasseeninChapter3.Intheweakdepthregime,
theperiodicpotentialleadstoacouplingbetweenanatomwithmomentumkbmstoanatom
withmomentum−kbms,wherekbmsistheperiodicityofthebeam-spliterlaticeinmomentum
space.Thiscorresponds,eﬀectively,toatwo-stateinteractionHamiltonian,describedinthe
centerofmassframeofreferenceby
Hˆ=

0 Ω/2
Ω¯/2 0
. (D.1)
where|Ω|=ΩRcorrespondstothetwo-photonRabifrequency.Thisfrequencycorrespondsto
acomplexnumberanditsphase,deﬁnedas
eiφ=Ω/|Ω|, (D.2)
playsanimportantrole.Itcorrespondstothephasediﬀerencebetweenthetwointerfering
laserbeamsand,inalthemanuscript,israndomlychosen.
TheHamiltonian(D.1)givesrisetoacoherenttransferofpopulationbetweentheexternal
statekbmsand−kbms. Thisisusedinthecaseoftheatomicpairstorealiseanatomic50:50
beam-spliterandmirror. AsseeninChapter4,thebeam-splitercorrespondstoalatice
withperiodicityinmomentumspaceequalto0.55klat. Theatomicbeamsaandbarethen
createdwithamomentumdiﬀerenceof0.55klat.Themirrorexchangesthetwoatomicbeams
inmomentumspaceasrepresentedinFig.D.1andthebeam-spliterswapstheirmomentaas
schematicalydescribedinFig.D.2.
TheeigenvaluesandeigenvectorsoftheHamiltonianD.1aredeﬁnedas
Ex=|Ω|/2, |x= 1√2|a+e
−iφ|b , (D.3a)
Ey=−|Ω|/2,|y= 1√2 −e
iφ|a+|b , (D.3b)
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FigureD.1:Schematicrepresentationoftheatomic
mirrorontheatomicbeams.Thetwoinputarrowsinblue
andredcolourrepresentrespectivelybeambwithmomentum
distributioncentredonkb=1.29qlatandbeamawithmo-
mentumdistributioncentredonka=0.74qlat.Ifthemirror
resonanceissuﬃcientlywide,thetwobeamsareentirelyex-
changedaftertheatomicmirror.Suchthattheinitialblue
atomisnowcentredon0.74klatandtheredoneat1.29klat.
Inournotationattheoutputofthebeam-spliterthebeam
centredat0.74klatiscaledcandtheoneat1.29klat
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FigureD.2:Schematicrepresentationoftheatomic
beam-splitterontheatomicbeams.Thetwoinputarrows
inblueandredcolourrepresentrespectivelybeambwith
momentumdistributioncentredonkb=1.29qlatandbeama
withmomentumdistributioncentredonka=0.74qlat.Ifthe
beam-spliterresonanceissuﬃcientlywidethetwobeamsare
equalyswappedaftertheatomicbeam-spliter.Suchthatthe
halfthepopulationofbluebeamisnowcentredon0.74klat
andtheotherhalfstaysat1.29klat.Thesamethinghappens
withredatoms.Attheoutputofthebeam-spliterthebeam
centredat0.74klatiscaledcandtheoneat1.29klatd.
and,consequently,thetimeevolutionofﬁeldoperatorsaˆandbˆ,correspondingtotheinput
ﬁeldsofthebeam-splitercanbewritenas
|a= 1√2|x−e
−iφ|y t−−→ 1√2e
−i|Ω|t/2|x−e−iφei|Ω|t/2|y , (D.4a)
|b= 1√2e
iφ|x+|y t−−→ 1√2e
iφe−i|Ω|t/2|x+ei|Ω|t/2|y . (D.4b)
D.1.1 50:50beam-spliter
Forthecaseofa50:50beam-spliter,asseeninChapter4,thetimeinteractioncorrespondsto
ΩRt=π/2whichtransformsEq.(D.4b)into
|a π/2Ω−−−→ 12(1−i)|x−e
−iφ(1+i)|y =|c= 1√2|a−ie
−iφ|b , (D.5a)
|b π/2Ω−−−→ 12e
iφ(1−i)|x+(1+i)|y =|d= 1√2 −ie
iφ|a+|b . (D.5b)
wherecˆanddˆstandfortheoutputﬁeldoperatorsofthebeam-spliter,suchthatthetransfor-
mationisgivenby

cˆ
dˆ
=
1√2

1 ie−iφS
ieiφS 1


aˆ
bˆ
,
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withφS=φ+π,thephaseassociatedtothebeam-spliteroperation.ThescateringmatrixˆSis
thendeﬁnedas
Sˆ= 1√2

1 ie−iφS
ieiφS 1
. (D.6)
D.1.2 Mirror
ThetimeinteractioncorrespondingtoacompleteexchangeofmomentacorrespondstoΩRt=π
andmatchsthemirrorsituation.Theevolutionoftheoperatorsaandbcanthenbewritenas
|a π/Ω−−→ i√2 −|x−e
−iφ|y =|c=−ie−iφ|b, (D.7a)
|b π/Ω−−→ i√2 −e
iφ|x+|y =|d=−ieiφ|a. (D.7b)
Finaly,oneobtainsthetransformationassociatedtothemirror,suchthat,

cˆ
dˆ
=

0 ie−iφM
ieiφM 0


aˆ
bˆ
,
leadingtothescateringmatrixMˆ,
Mˆ=

0 ie−iφM
ieiφM 0
, (D.8)
withφM =φ+πthephaseassociatedtothemirroroperation.ThephasehasbeennamedφM
inordertodiﬀerentiateitfromthe50:50beam-spliterφS.AsseeninChapter4,forsmaltime
diﬀerencesbetweentheapplicationofthemirrorandthe50:50beam-spliter,thestabilityofthe
phaseissuﬃcienttoobserveinterferencefringesafterintegratingoverseveralexperimental
realisations.Inthissense,onecanconsiderthatalthoughtheabsolutephaseisrandomly
deﬁned,thediﬀerencebetweenthephasesisstable.Forrealinterferometers,altermswould
onlydependofthisdiﬀerenceandnotoftheabsolutevalue.Nevertheless,thisisuntrueinour
situationasdiscussedinthenextsection.
D.2 Fieldoperatorevolution
Inordertodeterminetheinterferenceeﬀect,westartbylookingatthetemporalevolutionof
theoperatorsˆakaandaˆkbstandingfortheatomswithmomentakaandkbattheoutputportsofthebeam-spliter.Thiscorrespondstochangingthepreviousnotation,suchthatˆa=aˆkaand
bˆ=aˆkb.
Thetwoatomicbeamsmoveapartfromeachothersincetheirspeedisdiﬀerent.Attimetm
themirrorisapplied,suchthattheirmomentaisexchangedmakingthetwobeamsrecombine
ona50:50beam-spliterattimetsasrepresentedinFig.D.3.
Attimet,theoperatorscansimplybewritenas
aˆka(t)=aˆka(ts+)e−i
k2a2m(t−ts), (D.9a)
aˆkb(t)=aˆkb(ts+)e−i
k2b2m(t−ts), (D.9b)
187
DetailedcalculationsfortheHOMexperiment
kz(klat) kz(klat)
kz(klat)
0.0
0.5
1.0
0.7 1.0 1.3
0
Beforemirror
tm ts
t
τ
0.0
0.5
1.0
0.7 1.0 1.3
Afterbeam-splitter
0.0
0.5
1.0
0.7 1.0 1.3
Aftermirror
FigureD.3:SchematicrepresentationofatomictheHOMexperiment. Thetwobeamsaandbinredandblue
respectively,producedattimet=0moveapartfromeachother.Attimet=tmtheirmomentaareexchangedsuchthatbeam
aisnowblue,andbeambisred.Thetwoatomicbeamarethenrecombinedonthe50:50beam-spliterattimets.Afterthe
beam-splitertheatomsexitineitherbeamcwithmomentumkc=kaorbeamdwithmomentumkd=kb.Ifts−tm=τ=tm
thenthetwobeamsareindistinguishableafterthebeam-spliter.
withtscorrespondingtotheapplicationtimeofthe50:50beam-spliter. Thebeam-spliter
operationcorrespondstothescateringmatrix
Sˆ= 1√2

1 ie−iφS
ieiφS 1
,
whereweatributealocalphaseφS.Inthesamemanner,themirrorisalsoassociatedtoa
scateringmatrix
Mˆ=

0 ie−iφM
ieiφM 0
,
withφM thephaseassociatedtoit.Itisimportanttonotethatthephaseofthemirroror
beam-spliteriscompletelyrandomfromonerealisationtotheotherwhiletheirrelativephase
ismaintainedconstant.
Theoperatorscanthenbewritenas
aˆka(t)=e
−ik2a2m(t−ts)√2 ie
iφ1aˆka+kbms−eiφ1aˆka , (D.10a)
aˆkb(t)=
e−ik
2b2m(t−ts)√2 ie
iφ2aˆkb−kbms−eiφ2aˆkb , (D.10b)
wherekbmscorrespondstothe momentumgivenbythebeam-spliterlatice. Thephases
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φ1,φ1,φ2andφ2correspondto
φ1=−(φS−φM)− ts2m(ka+kbms)
2− tm2m(k
2a−(ka+kbms)2), (D.11a)
φ1=−φM−
ts
2mk
2a+ tm2m(k
2a−(ka+kbms)2), (D.11b)
φ2=(φS−φM)− ts2m(kb−kbms)
2− tm2m(k
2
b−(kb−kbms)2), (D.11c)
φ2=φM−
ts
2mk
2
b+
tm
2m(k
2
b−(kb−kbms)2). (D.11d)
Thedetectionisperformedatatimetwhichasnoimportanceinthecalculationofthe
cross-correlationbetweentheoutputportsofthebeam-spliteraswearegoingtosee.
D.3 Cross-correlationandHOM-dip
Thecross-correlationfunctionafterapplicationofthe50:50beam-splitercorrespondsto
G(2)cd= aˆka(t→∞)†ˆakb(t→∞)†ˆaka(t→∞)ˆakb(t→∞), (D.12)
where,experimentaly, correspondstoastatisticalaverageoverNexperimentalrealisations
withN→∞.UsingEq.(D.39),oneobtainsthefolowingexpression
G(2)cd=
1
2∆+
1
4[ˆa
†
ka+kbmsaˆ†kb−kbmsaˆka+kbmsaˆkb−kbms −ei(φ1−φ1+φ2−φ2)ˆa†kaˆa†kbˆaka+kbmsaˆkb−kbms
−e−i(φ1−φ1+φ2−φ2)ˆa†ka+kbmsaˆ†kb−kbmsaˆkaaˆkb + aˆ†kaˆa†kbˆakaaˆkb]
+14[ˆa
†
kaˆa†kb−kbmsaˆkaaˆkb−kbms + aˆ†kbˆa†ka+kbmsaˆkbaˆka+kbms], (D.13)
wherefortheresonantsituationka+kbms=kb,onecanwrite
G(2)cd=
1
4∆+
G(2)ab
2 1−Re e
i(φ1+φ2−φ1−φ2) +14G
(2)
aa+G(2)bb . (D.14)
Theﬁrsttermcorrespondsto
∆=Re ei(φ1−φ1+φ2−φ2)ˆa†ka+kbmsaˆ†kbˆakaaˆkb−kbms , (D.15)
anddependsonthephase
φ1−φ1+φ2−φ2=2(φS−φM)−2φM−2m (kb−kbms)
2−(ka+kbms)2−k2b−k2a (ts−2tm),
whichdependsoftheabsolutephaseφM.Aswesaidbefore,thisphaseiskeptrandom,such
thatafteraveragingoverthediﬀerentrealisationsitwashesout.
D.3.1 Visibilitywithoutassumptionoftheincomingstate
Inordertoexperimentalyverifythatthisisthecaseonecanre-writethecross-correlationfor
indistinguishableparticlesas
G(2)Ind=
1
4G
(2)
aa+G(2)bb +
1
2∆, (D.16)
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FigureD.4:Evolutionof∆asafunctionoftheintegrationvolumeΩV.Leftpanel:2Drepresentationof∆asafunction
oftheintegrationvolumeΩV = L2⊥×Lz.ThelengthofLzisincreasedbyvaluesof0.04klataswelasthelengthL⊥.Rightcanvas:top;Evolutionof∆asafunctionofLzforaﬁxedvalueofL⊥=0.048klat.Forshortintegrationlengthalong
thez−axis,oneﬁndsavalueof∆=0. Onethesinceoftheintegrationincreases∆decreasestowardsnegativevaluesasa
consequenceofthemixingbetweenindistinguishableanddistinguishableparticles.Rightcanvas:botom;Evolutionofthe
cross-correlationfortheindistinguishablecaseasafunctionofLz.Inbothcases,theredcirclesindicatestheoptimisedvolume
ofintegrationforwhich∆isstilapproximativelynul.
and,consequently,thevalueof∆canbeextractedfrom2G(2)Ind−14G(2)aa+G(2)bb withG(2)Ind.
correspondingtotheexperimentalvalueofG(2)cd(τ=550µs).Thevalueof∆isthendeterminedasafunctionoftheintegrationvolumeΩVasshowninFig.D.4leftpanel.
Fig.D.4showstheevolutionof∆fordiﬀerentintegrationvolumesdeﬁnedbytheintegration
lengthonthetransversedirectionandlongitudinalone,L⊥andLz,respectively.Acutalong
LzisperformedforbothG(2)cd,Indand∆foraﬁxedintegrationlengthonthetransversedirectionL⊥=0.048klat.Itispossibletonotethatforsmalintegrationvolume,∆→ 0andtendsto
decreasestowardsnegativevalueswhenthevolumeofintegrationincreases.Thisisrelated
tothefactthatwithanincreasedvolumeofintegrationdiﬀerentmodesstarttobetaking
intoaccountasdiscussedinSubsection5.1.2. ThusthevalueofG(2)cd(τ=550µs)doesnotcorrespondanymoretotheindistinguishablecasewhichinvalidatetheuseofEq.(D.16).The
integrationvolumecorrespondingtotheoptimisedvolumeofintegrationdescribedinthemain
textisidentiﬁedbytheredcircle(Lz=0.028klat).Forthisvolume,wecanextractavalueof
∆=−2.8×10−3±6.0×10−3whichis,takingintoaccounttheerrorbars,negligible.
Althoughthegoalherewastodemonstratethat∆→0,onecannotethatforaweldeﬁned
phase,themeasurementof∆givesimportantinformationonthephasediﬀerencebetweenthe
particles,viaφa−φbandontheproducedstatethroughthemeasurementofnonsymmetric
componentsleadingtoaquantumstatetomography[223].
D.3.2 Indistinguishableanddistinguishablecases
Letusconsiderthetwoextremecasescorrespondingtoeitherperfectindistinguishablepaths
ordistinguishableones.Thetwocasescanbeseenas:
•Indistinguishablecase,ka+kbms=kb;
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•Distinguishablecase,ka+kbms kbsuchthatka+kbmsandkbcorrespondstodiﬀerent
modes.
FortheindistinguishablecaseG(2)cdcanbere-writenas
G(2)cd=
1
2 aˆ
†
kaˆa†kbˆakaaˆkb −Re ei(φ1+φ2−φ1−φ2)ˆa†kaˆa†kbˆakaaˆkb
+14[ˆa
†
kaˆa†kaˆakaaˆka + aˆ†kbˆa†kbˆakbaˆkb] (D.17)
withφ1+φ2−φ1−φ2=0and,consequently,
G(2)cd=
1
4G
(2)
aa+G(2)bb (D.18)
whereG(2)aaandG(2)bbstandfortheautocorrelationofkaandkb,thismeans,theautocorrelationsbeforethemirrorandthe50:50beam-spliter.
Thedistinguishablesituationcorrespondstoka+kbms kbsuchthattheterm
φ1+φ2−φ1−φ2=
kbms
m (kbms+ka−kb)(2tm−ts) (D.19)
oscilatesquicklyovertime.Thus,thistermvanishesandoneretrieves
G(2)cd=
1
4G
(2)
aa+G(2)bb +
1
2G
(2)
ab. (D.20)
TheHOM-dipvisibilitycorrespondsthento
V¯=1−
G(2)cd,Ind.
G(2)cd,Dis.
= 2G
(2)
ab
G(2)aa+G(2)bb+2G(2)ab
andcanberelatedtotheCauchy-Schwarzinequalitycoeﬃcient,C=G(2)ab/ G(2)aa+G(2)bb,suchthat
V¯= 11+δ/C
withthecoeﬃcientδstandingfor
δ= G
(2)
aa+G(2)bb
2 G(2)aaG(2)bb
.
Oneseesthatforthecaseofaninputstate|1a,1b,theautocorrelationbeforethebeam-
spliterisequaltozeroandoneﬁnds,afterthebeam-spliter,avanishingcoincidencecount.In
thissituation,thevisibilityisequaltoone.
D.3.3 HOM-dipwidth
Inthecaseofamultimodesourceofatomicpairs,aﬁnitewidthoftheHOM-dipcanappearas
aconsequenceofthediﬀerentmodescontributions.Sincethemeasurementcorrespondstoan
integrationoveracertainvolumeinmomentumspace,onecanretrievethetheoreticalwidth
byintegratingG(2)cd(ka,kb)overkaandkb.
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Thecross-correlationcan,inthegeneralcase,bewritenas
G(2)cd(θ)=
1
4G
(2)
aa+G(2)bb +
1
2G
(2)
ab[1−cos(θ)] (D.21)
withθ=φ1+φ2−φ1−φ2=m(kbms(ka+kbms−kb)(ts−2tm).Onecanalreadyseethatseveralwidthswilbeatplay,inparticular,
•theautocorrelationwidthassociatedtoG(2)aaandG(2)bb(σlcaandσlcb,respectively)although,sinceitdoesnotinﬂuencethevisibilityitself,hasnegligibleinﬂuence;
•thecross-correlationwidthassociatedtoG(2)ab(σCr);
•thedensitywidthsincethecloudhasaﬁnitesizeinmomentumspace(σnkaandσnkb);
•thestabilityofthebeam-spliterwhichrelatesintoawidthinmomentumspaceofthe
diﬀerentpossiblekbms.ThiswidthσbmshasbeenprovedinChapter4tobesmalerthan
theautocorrelationwidth.
Withthisinmind,onecanwritesthemostgeneralsolutionofG(2)cdas
G(2)cd,Measured=
η
Lz
2
NaNb
kbms,C+Lz/2
kbms,C−Lz/2
dkbms
Lz
kaC+La
kaC−La
dka
kbC+Lb
kbC−Lb
dkb
×exp−(ka−kaC)
2
2σnk2a
exp
−(kb−kbC)
2
2σnk2b
exp
−
(kbms−kbms,C)2
2σ2bms

×
14
g(2)aa(0)exp−(ka−kaC)
2
2σlc2a
+g(2)bb(0)exp
−(kb−kbC)
2
2σlc2b


+12g
(2)
ab(0)exp−
(ka+kb)/2−1)2
2σCr2 (1−cosθ) (D.22)
withLa=Lb=Lz/2standingfortheintegrationlengthalongthez−axisaroundthecentral
momentaunderstudykaCandkbC.
Considerthecaseinwhichtheintegrationvolume(La=Lb=Lz)ismuchsmalerthanal
thewidthsassociatedtoG(2)cd.Inthiscase,onecanassumethatthefunctionsareconstantand
thattheonlyvaryingtermcorrespondsto(1−cosθ).G(2)cd,Measuredsimpliﬁestheninto
G(2)cd(τ,Measured)=η2NaNb{1−αsinc2(Lzkbms2m[τ−tm])} (D.23)
withτ=ts−tmandαacoeﬃcientproportionaltokbms.Thus,thewidthofthemeasuredcross-
correlationdependsonlyofthevolumeofintegration.Forsmalervolumesofintegration,the
dipwilgetlarger.
D.4 Autocorrelationandcoalescenceeﬀect
Thesametreatmentcanbeappliedtothecoalescenceeﬀect.Forthispurpose,welookatthe
evolutionofG(2)ccorG(2)ddasafunctionofτ.Inthissituation,oneconsidersthemomentakaandkacorrespondingoftwodiﬀerentmodesattheoutputportc.Theoperatorevolutioncanthen
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bewritenas
aˆka(t)=e
−ik2a2m(t−ts)√2 iaka+kbmse
iφ1−akaeiφ1 , (D.24a)
aˆka(t)=
e−ik
2a2m(t−ts)√2 iaka+kbmse
iϕ1−akaeiϕ1 , (D.24b)
with
φ1=−(φS−φM)− ts2m(ka+kbms)
2− tm2m(k
2a−(ka+kbms)2), (D.25a)
ϕ1=−(φS−φM)− ts2m(ka+kbms)
2− tm2m(k
2a−(ka+kbms)2), (D.25b)
φ1=−φM−
ts
2mk
2a− tm2m (ka+kbms)
2−k2a, (D.25c)
ϕ1=−φM−
ts
2mk
2a− tm2m (ka+kbms)
2−k2a . (D.25d)
Theautocorrelationofbeamcthussimpliﬁesinto
G(2)cc= aˆ†kaˆa†kaˆakaaˆka (D.26)
and,withthesameargumentasbefore1,theautocorrelationisgivenby
G(2)cc=14G
(2)
aa+G(2)bb +
1
2G
(2)
ab 1+cos
kbms
m (ka−ka)(τ−tm) . (D.27)
Forthecaseofdistinguishableatomsattheentranceofthe50:50beam-spliter,meaningτ→∞,
onceintegratedoverkathecosinustermtendstozeroandtheautocorrelationisequalto
G(2)cc=14G
(2)
aa+G(2)bb +
1
2G
(2)
ab,
whichcorrespondstothesameexpressionofthecross-correlationbetweenportscanddfor
distinguishableparticles. Onecanunderstandthisresultthroughthesimplepictureoftwo
distinguishableparticlesenteringabeam-spliter.Theprobabilityofhavingoneparticleon
eachoutputportis1/2whiletheprobabilityofhaving2particlesoneitheroneoftheoutput
portsisalso1/2.Thus,theprobabilityofdetectingeither2or1particleinoneoftheoutput
portsisequal.
Forindistinguishableatomsattheentranceofthe50:50beam-spliter,(ka−ka)(τ−tm)=0,thesituationisratherdiﬀerent.Theautocorrelationisthenequalto
G(2)cc=14G
(2)
aa+G(2)bb +G(2)ab, (D.28)
whichstronglydiﬀersofthecross-correlationresultG(2)cd=14G(2)aa+G(2)bb.Thissignalcorre-spondstotheincreasedprobabilityofhaving2particlesineitheroneoftheoutputports.
1Weconsiderthattheabsolutephaseofthemirrororbeam-spliterisrandomlychosenforeachexperimental
realisation
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D.4.1 Widthoftheautocorrelationmeasurement
Theexperimentalmeasurementtranslatesintoanintegrationoftheautocorrelationdescribed
by
G(2)cc,Measured=
η
Lz
2
NaNb
kbms,C+Lz/2
kbms,C−Lz/2
dkbms
Lz
kaC+La
kaC−La
dka
kbC+Lb
kbC−Lb
dkb
×e−
(ka−kaC)2
2σnk2a exp
−(kb−kbC)
2
2σnk2b
exp
−
(kbms−kbms,C)2
2σ2bms

×
14
G(2)aa(0)exp−(ka−kaC)
2
2σlc2a
+G(2)bb(0)exp
−(kb−kbC)
2
2σlc2b


+12G
(2)
ab(0)exp−
(ka+kb/2−1)2
2σCr2 (1+cosϑ) (D.29)
withϑ= kbmsm (ka−ka)τ.
Onenotesthatinthissituationthewidthofthedipisgoingtobedeterminedbythevolume
ofintegrationandthecorrelationswidth.
D.5 Varianceofthepopulationdiﬀerence
Anothervariablethatcanhelptotranslatetheeﬀectofthedestructiveinterferenceatplayis
theevolutionofthenormalisedvarianceofthediﬀerenceasafunctionofτ.Thevarianceofthe
diﬀerencecorrespondsto
V=
aˆ†kaˆaka−aˆ†kbˆakb
2 − aˆ†kaˆaka−aˆ†kbˆakb2
aˆ†kaˆaka + aˆ†kbˆakb
(D.30)
whichsimpliﬁes,forthecaseofarandomphaseφM,into
V=1+ 12n G
(2)
cc+G(2)dd−2G(2)cd (D.31)
with ntheaveragedpopulationinbothoutputportscandd.Thus,thetwolimitingcases
correspondto:
•Distinguishablecase,V=1;
•Indistinguishablecase,V=1+ 22nG(2)ab.
Onceagain,itispossibletore-writetheobservableasafunctionofthedistinguishability
criterionτas
V=1+αG(2)ab cos
kbms
m (τ−tm)(ka−ka+ka+kbms−kb)×cos
kbms
m (τ−tm)(ka+kbms−kb)
(D.32)
which,inthelimitofka=ka,simpliﬁesinto
V=1+α2G
(2)
ab 1+cos
2kbms
m (τ−tm)(ka+kbms−kb). (D.33)
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Onecandirectlyseefromthisresultthattheoscilationperiodistwicehigherthattheoneof
thecross-correlation.Consequently,theriseofVwilbetwicelarger,afterintegrationalongka
andkb,thanthedipofG(2)cd.Thus,themeasuredvalueofthenormalisedvariancecanbewritenas
VMeasured=VBg.+ 22nG
(2)
ab 4L2(1+2αsinc2(Lkbmsτ) , (D.34)
withVBg.standingforthebackgroundvalueofthevariance.Sinceforthecaseofaparametric
ampliﬁcationG(2)ab=2n2+ntheriseofVgoesuptothevalueof
V=1+(2n
2+n)
n =(2+2n) (D.35)
AsseeninSection3.4.2,thedetectioneﬃciencyaﬀectsthemeasuredvalueofthevariance
withVDet.=ηV+(1−η)whichimpliesthatafterthebeam-spliterfortheindistinguishable
case
VDet.,Ind.=(1−η)+η(2(1+n)=1+η+2nη. (D.36)
Forthedistinguishablecase,thevarianceisstilequalto
VDet.,Dis.=1.
Thevisibilityforthevarianceofthediﬀerenceasafunctionofτ,correspondingto
V¯V=VInd.VDis.−1, (D.37)
isthenequalto
V¯V=η(1+2n). (D.38)
D.6 Eﬀectofthebeam-splitertransmitance
Inthelastsections,itwasassumedthatboththemirrorandthe50:50beam-spliterhadperfect
coeﬃcientsofreﬂectivityandtransmitance,thismeaning,thatthereﬂectivitywastotalfor
themirrorandof50%forthe50:50beam-spliter. However,thisisnottrueasithasbeen
showninEq.(4)whereweshowedthatthereﬂectivityofthemirrorisequalto93%andthe
transmitanceofthe50:50beam-spliterto49%. Whatistheimpactofthesesmalimperfections
onthevisibilityoftheHOM-dip?
Letusmodelthe50:50beam-spliterandmirrorbythefolowingscateringmatrix
Sˆ= 1√2

t re−iφS
−r∗eiφS t∗
,
and
Mˆ= 1√2

T Re−iφM
−R∗eiφM T∗
,
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witht,rthetransmitanceandreﬂectivitycoeﬃcientsofthe50:50beam-spliterandR,Tthe
coeﬃcientsforthemirror.Twothingsaretobekeptinmind.First,evenifthemirrororthe50:50
beam-spliterhaveimperfections,theyarerathersmal.Thisimpliescertainapproximations
suchasT 1or|r|2≈|t|2.Second,itisimportanttorememberthattheabsolutephaseof
eitherthe50:50beam-spliterormirrorarerandomlychosenfromonerealisationtotheother
andthatcross-correlationcorrespondstoanaverageoverNrealisations.Thismeansthat,on
average,anyoscilatorytermdependingoftheabsolutevalueofeitherφSorφM wilvanish.
Nevertheless,aswesawinChapter4,therelativephaseofthebeam-spliterφS−φMisrather
stable,andthus,onlythetermsdependingonthephasediﬀerencearekept.
ApplyingthenewmatricesMˆandSˆ,onerecoverstheexpressionsforˆakaandaˆkb
aˆka(t)=e−i
k2a2m(t−ts)aˆka tTe−φ1−rR∗e−iϕ1 +aˆka+kbms tRe−iϕ1+rT∗e−iφ1 , (D.39a)
aˆkb(t)=e−i
k2b2m(t−ts)aˆkb t∗T∗e−φ2−r∗Re−iϕ2 −aˆkb−kbms t∗R∗e−iϕ2+r∗Te−iφ2 , (D.39b)
with
φ1= k
2a
2mts, (D.40a)
φ2=
k2b
2mts, (D.40b)
ϕ1= φS−φM +2m(ka+kbms)
2(ts−tm)+ k
2a
2mtm, (D.40c)
ϕ2= φM−φS +2m(kb−kbms)
2(ts−tm)+
k2b
2mtm, (D.40d)
φ1=
(ka+kbms)2
2m ts+φS, (D.40e)
φ2=
(kb−kbms)2
2m ts−φS, (D.40f)
ϕ1=φM+2m(ka+kbms)
2tm+ k
2a
2m(ts−tm), (D.40g)
ϕ2=−φM+2m(kb−kbms)
2tm+
k2b
2m(ts−tm). (D.40h)
ApplyingEqs.(D.39)andEqs.(D.40)tothecross-correlationG(2)cd= aˆ†kaˆa†kbˆakaaˆkb(t)onegets,totheﬁrstorderinT,
G(2)cd=G(2)ab |t|4|R|4+|r|4|R|4−2|R|4|r|2|t|2cosθ1−2(|t|2−|r|2)(cosθ2+cosθ3)|R|2rR∗tT
+|r|2|t|2|R|4−|R|2tRr∗Tcosθ4|t|2−|r|2 G(2)aa+G(2)bb , (D.41)
with
θ1= kbmsm (kb−kbms−ka)(τ−tm), (D.42a)
θ2=(φM−φS)+ kbms2m [(kb−kbms)(τ−tm)−(kbms+2ka)tm], (D.42b)
θ3=(φS−φM)+ kbms2m [−(kbms+ka)(τ−tm)−(kbms−2kb)tm], (D.42c)
θ4=(φS−φM)+ kbms2m τ(kbms+2ka), (D.42d)
(D.42e)
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FigureD.5:Inﬂuenceofthebeam-splittertransmittanceontheHOM-dipvisibility.ThevisibilityoftheHOM-dip
isplotedasafunctionofthetransmitanceofthebeam-spliter|t|2. Onecanseethatthevisibilityisratherstableoverthe
possiblevaluesof|t|2.
whereτ=ts−tm.
OneseesthatnotonlythetermsassociatedtoTaresmalsinceT 1,butalsothatthey
areinevitablyassociatedtothediﬀerence|t|2−|r|2whichalsotendstobenegligible.Ingood
approximation,forourexperimentalconditionsthesetermsarecompletelynegligibleandone
retrievesthesimplerexpression
G(2)cd=G(2)ab |t|4|R|4+|r|4|R|4−2|R|4|r|2|t|2cosθ1+|r|2|t|2|R|4G(2)aa+G(2)bb , (D.43)
whichtendstotheexpectedvaluewhenr=t=1/√2andR=1,
G(2)cd=
1
2G
(2)
ab(1−cosθ1)+
1
4G
(2)
aa+G(2)bb .
ThedipvisibilityV¯canthenbewritenas
V¯=1−
G(2)cd,Ind.
G(2)cd,Dis.
= 2G
(2)
ab
G(2)aa+G(2)bb +G(2)ab |r|
4+|t|4
|r|2|t|2
(D.44)
whichfortheidealinputstate|1a,1btranslatesinto
V¯=2|r|
2|t|2
|r|4+|t|4. (D.45)
Fig.D.5showstheevolutionofV¯withthetransmissionprobability|t|2,assumingthatthe
energyisconservedsuchthat|r|2+|t|2=1.Onecanconcludethatevenif|t|2varybetween0.4
to0.6,thevisibilityvariesonlybetween0.92and1.00.Inourcase,since|t|2variesbetween0.49
and0.51,theeﬀectontheHOM-visibilityiscompletelynegligible.
Inthissense,weconcludethat,basedonthecalibrationofboththemirrorand50:50beam-
spliterperformedinSubsection4.2,theimperfectionsofourinterferometricschemedonot
playanymajorroleontheobservedHOMeﬀect.
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AppendixE
DetailedcalculationsfortestofBel’s
inequality
ThesituationofBel’sinequalitiesviolationcorresponds,initssimplerform,totheonerepre-
sentedinFig.E.1.Twopairswithmomenta{ka,kb}and{ka,kb}arecreatedattimet1=0.The
interferometricschemeissuchthatthepairsaremixed,thismeaning,kaisrecombinedwith
kb andkawithkb.Thephasediﬀerencebetweenthemirrorandthebeam-spliterisextremely
weldeﬁnedwhiletheabsolutephaseofbothisrandomlychosenfromonerealisationtothe
other.Themirrorpulseforkaandkb imprintsaphaseφM ontheatomicbeamswhilethe
beamska andkbareimprintedwithaphaseϕM. Thesamethinghappenswiththe50:50
beam-spliter,withphasesφSandϕS,respectively.Thisiseasilyperformedexperimentalyby
applyingthetwopulsesatdiﬀerenttimesandchangingtherelativephasebetweenthelaser
beamsinthemeanwhile. WealsoassumethatthephasediﬀerencesφM−ϕMandφS−ϕS
a’
b’
a’
b’
db’
ca’
ca’
db’
tstmt0 τ=τ0τ0
φS
φM
φM
ϕS
ϕM
ϕM
are
weldeﬁned.
FigureE.1:SchematicrepresentationofanexperimentalrealisationofBel’sinequalitytestSeveralmodesare
out-comingfromtheinitialsource,modeacorrelatedwithb,awithb anda withb.Themirrorandbeam-spliterare
calibratedsuchthataandboverlaponthebeam-spliter.Thisimpliesthatmodeaoverlapwithmodebandawithb.
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Considerthetimeevolutionoftheﬁeldoperatorsaˆka,ˆakb,ˆaka andaˆkb
aˆka(t)=
e−ika(t−ts)√2 ie
iφ1aˆka+kbms−eiφ1aˆka , (E.1a)
aˆka(t)=
e−ika(t−ts)√2 ie
iϕ1aˆka+kbms−eiϕ1aˆka , (E.1b)
aˆkb(t)=
e−ikb(t−ts)√2 ie
iφ2aˆkb−kbms−eiφ2aˆkb , (E.1c)
aˆkb(t)=
e−ikb(t−ts)√2 ie
iϕ2aˆkb−kbms−eiϕ2aˆkb , (E.1d)
with
φ1=(φM−φS)− tm2mk
2a− (ts−tm)2m (ka+kbms)
2, (E.2a)
φ1=−φM− tm2m(ka+kbms)
2− (ts−tm)2m (ka)
2, (E.2b)
φ2=−(φM−φS)− tm2mk
2
b−
(ts−tm)
2m (kb−kbms)
2, (E.2c)
φ2=φM− tm2m(kb−kbms)
2− (ts−tm)2m (kb)
2, (E.2d)
ϕ1=(φM−φS)− tm2mk
2a − (ts−tm)2m (ka +kbms)
2, (E.2e)
ϕ1=−φM− tm2m(ka +kbms)
2− (ts−tm)2m (ka)
2, (E.2f)
ϕ2=−(φM−φS)− tm2mk
2
b −
(ts−tm)
2m (kb −kbms)
2, (E.2g)
ϕ2=φM− tm2m(kb −kbms)
2− (ts−tm)2m (kb)
2. (E.2h)
Theresonantsituationforwhichbeama isrecombinedwithbeambandbeamb witha,
suchthat,
ka +kbms=kb,
ka+kbms=kb.
TheviolationofBel’sinequalitiesisdeducedfromtheparameterSknownastheClauser–
Horne–Shimony–Holt(CHSH)parameter[7]
S=|E(θLR)−E(θLR)+E(θLR)+E(θLR)|, (E.3)
with
E(θ)=G
(2)
14(θ)+G(2)23(θ)−G(2)12(θ)−G(2)34(θ)
G(2)14(θ)+G(2)23(θ)+G(2)12(θ)+G(2)34(θ)
, (E.4)
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where
G(2)14(θ)= aˆkb(t)†ˆakb(t)†ˆakb(t)ˆakb(t), (E.5a)
G(2)23(θ)= aˆka(t)†ˆaka(t)†ˆaka(t)ˆaka(t), (E.5b)
G(2)12(θ)= aˆka(t)†ˆakb(t)†ˆaka(t)ˆakb(t), (E.5c)
G(2)34(θ)= aˆka(t)†ˆakb(t)†ˆaka(t)ˆakb(t), (E.5d)
(E.5e)
and
θLR=π/4,
θLR=3π/4,
θLR=−π/4,
θLR =π/4.
ThevalueofSisbound,foranynon-entangledstate,between−2and2suchthatanymeasure-
mentof|S|>2indicatesthepresenceofentanglement.
Thecross-correlationcanbewriten,assumingthattheabsolutephaseoftheeachmirroris
undeﬁned,as
G(2)14(θ)=
1
4G
(2)
ka ka+G
(2)
kb kb+G
(2)
kbka+G
(2)
kb ka +2Reeiθaˆ†ka aˆ†kb aˆkb aˆka , (E.6a)
G(2)23(θ)=
1
4G
(2)
ka ka+G
(2)
kb kb+G
(2)
kbka+G
(2)
kb ka +2Reeiθaˆ†ka aˆ†kb aˆkb aˆka , (E.6b)
G(2)12(θ)=
1
4G
(2)
ka ka+G
(2)
kb kb+G
(2)
kbka+G
(2)
kb ka −2Reeiθaˆ†ka aˆ†kb aˆkb aˆka , (E.6c)
G(2)34(θ)=
1
4G
(2)
ka ka+G
(2)
kb kb+G
(2)
kbka+G
(2)
kb ka −2Reeiθaˆ†ka aˆ†kb aˆkb aˆka , (E.6d)
(E.6e)
where
θ=(φ2+ϕ2−φ2−ϕ2)=(φ1+ϕ1−φ1−ϕ1)=(ϕ1+ϕ2−ϕ1−ϕ2)=(φ1+φ2−φ1−φ2)
=2(φM−ϕM)+(ϕS−φS)+2m(tS−2tm)k
2a+k2b−k2a −k2b .
Thisleadstotheexpression
E(θ)=
2Reeiθaˆ†ka aˆ†kb aˆkb aˆka
G(2)kakb+G
(2)
kakb +G
(2)
kaka+G
(2)
kbkb
(E.7)
andto
S=2√2
aˆ†ka aˆ†kb aˆka aˆkb
1
2G(2)kakb +G
(2)
kaka+G
(2)
kbkb+G
(2)
kakb
. (E.8)
Ifoneisabletodeterminethevalueofaˆ†ka aˆ†kb aˆka aˆkb,correspondingtotheprobabilityofcreatingapair(ka,kb)knowingthatapair(kakb)exists,Scanbeeasilypredicted.
Thisresultiscompletelyfreefromanyassumptionsontheproducedstate.Thefactthat
theabsolutephaseofbothφM andϕM israndomlychosenforeachexperimentalrealisation
guaranteesthatanyasymmetriccontributionofG(2)washesout.
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Particularsolutionforaparametricconversionstate
Assumingthatthestateisdescribedbytwoindependentparametricconversionstate,suchthat
|ψ =
n
tanhn(λ1)
cosh(λ1) m
tanhm(λ2)
cosh(λ2)|n,n,m,m ,
withsinh2(λ1)= nandsinh2(λ2)= m,oneﬁndsfortheautocorrelationthat
G(2)ka ka =G
(2)
kb kb = n m ,
andthecross-correlationtermscanbewritenas
G(2)ka,kb+G
(2)
ka,kb = n(1+2n)+m (1+2m).
E(θ)thenbecomes
E(θ)=
2Reeiθaˆ†ka aˆ†kb aˆkb aˆka
G(2)kakb+G
(2)
kakb +G
(2)
kaka+G
(2)
kbkb
=
2Reeiθaˆ†ka aˆ†kb aˆkb aˆka
2n m +n(2n+1)+m(2m +1),
whichsimpliﬁesinthecaseofasymmetricaveragepopulation n= m to
E(θ)=
Reeiθaˆ†ka aˆ†kb aˆkb aˆka
n(3n+1) .
Theunknowntermleftisthenthenumerator aˆ†ka aˆ†kb aˆkb aˆka .FromRef.[87],itispossibletoexpressthistermfortheparametricconversionstateas
aˆ†ka aˆ†kb aˆkb aˆka = n(1+n).
ThentheexpressionofE(θ)canﬁnalybeexpressedas
E(θ)=cos(θ)(1+n)(1+3n) ,
leadingto
S=|E(π/4)−E(−3π/4)+E(−π/4)+E(π/4)|=2√2(1+n)(1+3n),
whichreachesamaximumvalueofS=2√2≈2.8forn=0anddecreasestoS=23
√2≈0.93
forn→∞.Thus,theCHSH’sinequalityisviolatedwhenthenumberofparticlesisreduced
andveriﬁedforincreasingaverageddensities.AsfortheHOMexperiment,itispreferableto
workwithveryweakaverageparticlenumberperinputbeam.Thethresholdvalue,above
whichtheinequalityisnolongerviolated,correspondstoanaveragepopulation n=0.26.
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The Cauchy-Schwarz (CS) inequality—one of the most widely used and important inequalities in
mathematics—can be formulated as an upper bound to the strength of corelations between classicaly
ﬂuctuating quantities. Quantum-mechanical corelations can, however, exceed classical bounds. Here we
realize four-wave mixing of atomic mater waves using coliding Bose-Einstein condensates, and
demonstrate the violation of a multimode CS inequality for atom number corelations in opposite zones
of the colision halo. The corelated atoms have large spatial separations and therefore open new
opportunities for extending fundamental quantum-nonlocality tests to ensembles of massive particles.
DOI:10.1103/PhysRevLet.108.260401 PACS numbers: 03.75.Be, 03.75.Gg, 34.50.Cx, 42.50.Dv
The Cauchy-Schwarz (CS) inequality is ubiquitous in
mathematics and physics [1]. Its utility ranges from proofs
of basic theorems in linear algebra to the derivation of the
Heisenberg uncertainty principle. In its basic form, the CS
inequality simply states that the absolute value of the inner
product of two vectors cannot be larger than the product of
their lengths. In probability theory and classical physics,
the CS inequality can be applied to ﬂuctuating quantities
and states that the expectation value of the cross corelation
hI1I2ibetween two quantitiesI1andI2is bounded fromabove by the autocorelations in each quantity,
jhI1I2ij 
ﬃﬃﬃﬃﬃﬃﬃﬃ
hI21ihI22i
q
: (1)
This inequality is satisﬁed, for example, by two classical
curents emanating from a common source.
In quantum mechanics, corelations can, however, be
stronger than those alowed by the CS inequality [2–4].
Such corelations have been demonstrated in quantum
optics using, for example, antibunched photons produced
via spontaneous emission [5], or twin photon beams gen-
erated in a radiative cascade [6], parametric down conver-
sion [7], and optical four-wave mixing [8]. Here the
discrete nature of the light and the strong corelation (or
anticorelation in antibunching) between photons is re-
sponsible for the violation of the CS inequality. The vio-
lation has even been demonstrated for two light beams
detected as continuous variables [8].
In this work we demonstrate a violation of the CS
inequality in mater-wave optics using pair-corelated
atoms formed in a colision of two Bose-Einstein conden-
sates (BECs) of metastable helium [9–12] (see Fig.1). The
CS inequality which we study is amultimodeinequality,
involving integrated atomic densities, and therefore is
diferent from the typical two-mode situation studied in
quantum optics. Our results demonstrate the potential of
atom optics experiments to extend the fundamental tests of
quantum mechanics to ensembles of massive particles.
Indeed, violation of the CS inequality implies the possi-
bility of (but is not equivalent to) formation of quantum
states that exhibit the Einstein-Podolsky-Rosen (EPR) cor-
relations or violate a Bel’s inequality [3]. The EPR and
Bel-state corelations are of course of wider signiﬁcance
FIG. 1 (color online). Diagram of the colision geometry.
(a) Two cigar-shaped condensates moving in opposite directions
along the axial directionzshortly after their creation by a Bragg
laser pulse (the anisotropy and spatial separation are not to
scale). (b) Spherical halo of scatered atoms produced by four-
wave mixing after the cloud expands and the atoms fal to the
detector 46 cm below. During the ﬂight to the detector, the
unscatered condensates acquire a disk shape shown in white
on the north and south poles of the halo. The (red) boxes 1 and 2
ilustrate a pair of diametricaly symmetric counting zones
(integration volumes) for the average cross-corelation and au-
tocorelation functions,Gð2Þ12andGð2Þi (i¼1;2) (see text), used inthe analysis of the Cauchy-Schwarz inequality.
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to foundational principles of quantum mechanics than
those that violate a CS inequality. Nevertheless, the im-
portance of understanding the CS inequality in new physi-
cal regimes lies in the fact that: (i) they are the simplest
possible tests of stronger-than-classical corelations, and
(i) they can be viewed as precursors, or necessary con-
ditions, for the stricter tests of quantum mechanics.
The atom-atom corelations resulting from the colision
and violating the CS inequality are measured after long
time-of-ﬂight expansion using time- and position-resolved
atom detection techniques unique to metastable atoms
[13]. The 307 ms long expansion time combined with a
large colision and hence scatering velocity results in a
6cmspatial separation between the scatered, corelated
atoms. This separation is quite large compared to what has
been achieved in recent related BEC experiments based on
double-wel or two-component systems [14–16], trap
modulation techniques [17], or spin-changing interactions
[18,19]. This makes the BEC colisions idealy suited to
quantum-nonlocality tests using ultracold atomic gases and
the intrinsic interatomic interactions.
In a simple two-mode quantum problem, described by
boson creation and annihilation operatorsa^yianda^i(i¼1;2), the Cauchy-Schwarz inequality of the form of Eq. (1)
can be formulated in terms of the second-order corelation
functions,Gð2Þij¼h:^ni^nj:i¼h^ayia^yja^j^ai, and reads [2–4]
Gð2Þ12 ½Gð2Þ11Gð2Þ221=2; (2)
or simplyGð2Þ12 Gð2Þ11in the symmetric case ofGð2Þ11¼Gð2Þ22.
Here,Gð2Þ12¼Gð2Þ21,^ni¼a^yia^iis the particle number opera-tor, and the double colons indicate normal ordering of the
creation and annihilation operators, which ensures the
corect quantum-mechanical interpretation of the process
of detection of pairs of particles that contribute to the
measurement of the second-order corelation function
[2]. Stronger-than-classical corelation violating this in-
equality would requireGð2Þ12>½Gð2Þ11Gð2Þ221=2,orGð2Þ12>
Gð2Þ11in the symmetric case.The situation we analyze here is counterintuitive in that
we observe a peak cross corelation (for pairs of atoms
scatered in opposite directions) that is smaler than the
peak autocorelation (for pairs of atoms propagating in the
same direction). In a simple two-mode model such a ratio
of the cross corelation and autocorelation satisﬁes the
classical CS inequality. However, in order to adequately
treat the atom-atom corelations in the BEC colision
problem, one must generalize the CS inequality to a multi-
mode situation, which takes into account the fact that the
cross corelations and autocorelations in mater-wave op-
tics are usualyfunctions(in our case of momentum). The
various corelation functions can have diferent widths and
peak heights, and one must deﬁne an appropriate integra-
tion domain over multiple momentum modes to recover an
inequality that plays the same role as that in the two-mode
case andisactualy violated, as we show below.
The experimental setup was described in Refs. [11,12].
Brieﬂy, a cigar-shaped BEC of metastable helium,
containing approximately 105atoms, trapped initialy
in a harmonic trapping potential with frequencies
ð!x;!y;!zÞ=2 ¼ð1500;1500;7:5ÞHz, was split by
Bragg difraction into two parts along the axial (z-) direc-
tion [see Fig.1(a)], with velocities difering by twice the
single photon recoil velocityvrec¼9:2cm=s. Atoms in-teract via binary, momentum conservings-wave colisions
and scater onto a nearly spherical halo [see Fig.1(b)]
whose radius in velocity space is about the recoil velocity
[11,20]. The scatered atoms fal onto a detector that
records the arival times and positions of individual atoms
[13] with a quantum efﬁciency of 10%. The halo diame-
ter in position space at the detector is 6cm. We use the
arival times and positions to reconstruct three-
dimensional velocity vectorsvfor each atom. The unscat-
tered BECs localy saturate the detector. To quantify the
strength of corelations coresponding only to spontane-
ously scatered atoms, we exclude from the analysis the
data points containing the BECs and their immediate vi-
cinity (jvzj<0:5vrec) and further restrict ourselves to aspherical shel of radial thickness0:9<vr=vrec<1:1(where the signal to noise is large enough), deﬁning the
total volume of the analyzed region asVdata.Using the atom arival and position data, we can mea-
sure the second-order corelation functions between the
atom number densitiesn^ðkÞat two points in momentum
space,Gð2Þðk;k0Þ¼h:^nðkÞ^nðk0Þ:i(see Supplementary
Material [21]), withkdenoting the wave vectork¼
mv=@and@kthe momentum. The corelation measure-
ments are averaged over a certain counting zone (integra-
tion volumeV) on the scatering sphere in order to get
statisticaly signiﬁcant results. By choosingk0to be nearly
opposite or nearly colinear tok, we can deﬁne the aver-
aged back-to-back (BB) or colinear (CL) corelation func-
tions,
Gð2ÞBBðkÞ¼
Z
V
d3kGð2Þðk;kþ kÞ; (3)
Gð2ÞCLðkÞ¼
Z
V
d3kGð2Þðk;kþ kÞ; (4)
which play a role analogous to the cross-corelation and
autocorelation functions,Gð2Þ12andGð2Þi, in the simple two-mode problem discussed above. The BB and CL corela-
tions are deﬁned as functions of the relative displacement
k, while the dependence onkis lost due to the averaging.
The normalized BB and CL corelations functions,
gð2ÞBBðkÞandgð2ÞCLðkÞ, averaged over the unexcised partof the scatering sphereVdataare shown in Fig.2. The BBcorelation peak results from binary, elastic colisions be-
tween atoms, whereas the CL corelation peak is a variant
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of the Hanbury Brown and Twiss efect [22,23]—a two-
particle interference involving members of two diferent
atom pairs [9,10,24,25]. Both corelation functions are
anisotropic because of the anisotropy of the initial colid-
ing condensates.
An important diference with the experiment of Ref. [9]
is that the geometry in the present experiment (with
verticaly elongated condensates) is such that the observed
widths of the corelation functions are not limited by the
detector resolution. Here we now observe that the BB and
CL corelations have very diferent widths, with the BB
width being signiﬁcantly larger than the CL width. This
broadening is largely due to the size of the condensate in
the vertical direction (1mm). The elongated nature of
the cloud and the estimated temperature of 200 nKalso
means that the condensates corespond in fact toquasicon-
densates[26] whose phase coherence length is smaler than
the size of the atomic cloud. The broadening of the BB
corelation due to the presence of quasicondensates wil be
discussed in another paper [27], but we emphasize that the
CS inequality analyzed here is insensitive to the detailed
broadening mechanism as it relies on integrals over core-
lation functions. This is one of the key points in consider-
ing the multimode CS inequality.
Since the peak of the CL corelation function core-
sponds to a situation in which the two atoms folow the
same path, we can associate it with the autocorelation of
the momentum of the particles on the colision sphere.
Similarly, the peak of the BB corelation function core-
sponds to two atoms folowing two distinct paths and
therefore can be associated with the cross-corelation func-
tion between the respective momenta. Hence we realize a
situation in which one is tempted to apply the CS inequal-
ity to the peak values of these corelation functions. As we
see from Fig.2, if one naively uses only the peak heights,
the CS inequality isnotviolated sincegð2ÞBBð0Þ<gð2ÞCLð0Þand
henceGð2ÞBBð0Þ<Gð2ÞCLð0Þdue to the nearly identical nor-malization factors (see Supplementary Material [21]).
We can, however, construct a CS inequality that is
violated if we use integrated corelation functions,Gð2Þij,
that corespond to atom numbers^Ni¼RVid3k^ayðkÞ^aðkÞ(i¼1;2) in two distinct zones on the colision halo [21],
Gð2Þij¼h:^Ni^Nj:i¼
Z
Vi
d3kZ
Vj
d3k0Gð2Þðk;k0Þ: (5)
The choice of the two integration (zone) volumesViand
Vjdetermines whether theGð2Þij-function coresponds to
the BB (i j)orCL(i¼j) corelation functions, Eqs. (3)
and (4).
The CS inequality that we can now analyze for violation
readsGð2Þ12 ½Gð2Þ11Gð2Þ221=2. To quantify the degree of vio-lation, we introduce a corelation coefﬁcient,
C¼Gð2Þ12=½Gð2Þ11Gð2Þ221=2; (6)
which is smaler than unity classicaly, but can be larger
than unity for states with stronger-than-classical
corelations.
In Fig.3we plot the corelation coefﬁcientCdetermined
from the data for diferent integration zonesV1andV2,but always keeping the two volumes equal. WhenV1andV2corespond to diametricaly opposed, corelated pairs
FIG. 2 (color online). Normalized back-to-back (a) and
colinear (b) corelation functions,gð2ÞBBðkÞandgð2ÞCLðkÞ,inmomentum space integrated overVdatacoresponding tojkzj<0:5krecand0:9<kr=krec<1:1, wherekrec¼mvrec=@is therecoil momentum. The data are averaged over 3600 experimen-
tal runs. Because of the cylindrical symmetry of the initial
condensate and of the overal geometry of the colision, the
dependence on thekxandkycomponents should physicaly be
identical and therefore can be combined (averaged); the core-
lation functions can then be presented as two-dimensional sur-
face plots on the (kz,kxy) plane. The two-dimensional plots were
smoothed with a nearest neighbor running average. The data
points along thekzandkxyprojections (coresponding to thin
slices centered atkxy¼0andkz¼0, respectively) are not
smoothed. The solid lines show the Gaussian ﬁts to these
projections. The peak height of the back-to-back corelation
function is 1:2while that of the colinear corelation function
is 1:4, apparently conﬁrming the Cauchy-Schwarz inequality.
The widths of the two distributions are, however, very diferent
(BB;x’ BB;y’0:21krec, BB;z’0:019krec, whereas CL;x’
CL;y’0:036krec, CL;z’0:002krec) and a multimode formula-
tion of the Cauchy-Schwarz inequality, which relates the relative
volumes of the corelation functions,isviolated.
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of zones (red circles),Cis greater than unity, violating the
CS inequality, while for neighboring, uncorelated pairs
(blue squares) the CS inequality is not violated. The ﬁgure
also shows the results of a quantum-mechanical calculation
ofCusing a stochastic Bogoliubov approach (green thick
solid curve) [20,21,28]. The calculation is for the initial
total number of atomsN¼85 000and is in good agree-
ment with the observations. The choice of large integration
volumes (smal number of zonesM) results in only weak
violations, while using smaler volumes (largeM) in-
creases the violation. This behavior is to be expected (see
Supplementary Material [21]) because large integration
zones include many, uncorelated events which dilute the
computed corelation. The saturation ofC, in the curent
arangement of integration zones—with a ﬁxed number of
polar cuts and hence a ﬁxed zone size alongzwhich always
remains larger than the longitudinal corelation width—
occurs when the tangential size of the zone begins to
approach the transverse width of the CL corelation func-
tion. If the zone sizes were made smaler in al directions,
we would recover the situation applicable to the peak
values of the corelation functions (and hence no CS
violation) as soon as the sizes become smaler than the
respective corelation widths (see Eq. (S11) in the
Supplementary Material [21]).
We have shown the violation of the CS inequality using
the experimental data of Ref. [11] in which a sub-
Poissonian variance in the atom number diference
between opposite zones was observed. Although the two
efects are linked mathematicaly in simple cases, they are
not equivalent in general [8,21]. Because of the multimode
nature of the four-wave mixing process, we observe
stronger (weaker) suppression of the variance below the
shot-noise level for the larger (smaler) zones (see Fig. 3 of
[11]), whereas the degree of violation of the CS inequality
folows the opposite trend. This diference can be of im-
portance for other experimental tests of stronger-than-
classical corelations in inherently multimode situations
in mater-wave optics.
The nonclassical character of the observed corelations
implies that the scatered atoms cannot be described by
classical stochastic random variables [29]. Our experiment
is an important step toward the demonstrations of increas-
ingly restrictive types of nonlocal quantum corelations
with mater waves, which we hope wil one day culminate
in the violation of a Bel inequality as wel. In this case, the
nonclassical character of corelations wil also defy a
description via a local hidden variable theory [4,29].
Nonoptical violations of Bel’s inequalities have so far
only been demonstrated forpairsof massive particles
(such as two trapped ions [30] or proton-proton pairs in
the decay of2He[31]), but never in the multiparticle
regime. The BEC colision scheme used here is particularly
wel-suited for demonstrating a Bel inequality violation
[32] using an atom optics analog of the Rarity-Tapster
setup [33].
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Acoustic Analog to the Dynamical Casimir Efect in a Bose-Einstein Condensate
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We have modulated the density of a trapped Bose-Einstein condensate by changing the trap stifness,
thereby modulating the speed of sound. We observe the creation of corelated excitations with equal
and opposite momenta, and show that for a wel-deﬁned modulation frequency, the frequency of the
excitations is half that of the trap modulation frequency.
DOI:10.1103/PhysRevLet.109.220401 PACS numbers: 03.75.Kk, 42.50.Lc, 67.10.Jn
Although we often picture the quantum vacuum as con-
taining virtual quanta whose observable efects are only
indirect, it is a remarkable prediction of quantum ﬁeld
theory that the vacuum can generate real particles when
boundary conditions are suddenly changed [1–4]. Known
as the dynamical Casimir efect, a cavity with accelerating
boundaries generates photon pairs. Recent experiments
have demonstrated this efect in the microwave regime
using superconducting circuits [5,6]. Hawking radiation
[7] is another situation characterized by spontaneous pair
creation and work on sonic analogs to the Hawking
problem [8] has led to the realization that Bose-Einstein
condensates (BEC) are atractive candidates to study such
analog models [9–11], because their low temperatures
promise to reveal quantum efects. Here we exhibit an
acoustic analog to the dynamical Casimir efect by modu-
lating the speed of sound in a BEC. We show that core-
lated pairs of elementary excitations, both phononlike and
particlelike, are produced, in a process that formaly
resembles parametric down-conversion [4,12].
The ﬁrst analyses of the dynamical Casimir efect
considered moving mirors, but it has been suggested that
a changing index of refraction could mimic the efect
[13,14]. Our experiment is motivated by a suggestion in
Ref. [12] that one can realize an acoustic analog to the
dynamical Casimir efect by changing the scatering length
in an interacting Bose gas. The change in the interaction
strength is analogous to an optical index change: the speed
of sound (or light) changes. Seen in a more microscopic
way, the ground state of such a gas is the vacuum of
Bogoliubov quasiparticles whose makeup is interaction
dependent. Changing the interaction strength projects this
old vacuum onto a new state containing pairs of the new
quasiparticles [12], which appear as pairwise excitations.
Instead of changing the interaction strength, we have sim-
ply modiﬁed the conﬁning potential, which in turn changes
the density. Sudden changes such as these have also been
suggested as analogs to cosmological phenomena [15–17].
We study two situations, in the ﬁrst the conﬁning poten-
tial is suddenly increased and in the second the potential
is modulated sinusoidaly. The sinusoidal modulation of
the trapping potential was studied in Refs. [18–20] in the
context of the observation of Faraday waves. Our results
on sinusoidal modulation are similar to this work and we
have extended it to observe corelated pairs of Bogoliubov
excitations. We produce these excitations in both the
phonon and particle regimes, and observe corelations in
momentum space. Parametric excitation of a quantum gas
was also studied in optical latices in which the optical
latice depth was modulated [21,22], although in that
experiment, the excitation was observed as a broadening
of a momentum distribution.
The experimental apparatus is the same as that described
in Refs. [23,24] and is shown schematicaly in Fig.1(a).
We start from a BEC of approximately 105metastable
helium (He) atoms evaporatively cooled in a vertical
optical trap to a temperature of about 200 nK. The trapped
cloud is cigar shaped with axial and radial frequencies of
7 and 1500 Hz. In the ﬁrst experiment we raise the trapping
laser intensity by a factor of 2 with a time constant
of50 susing an acousto-optic modulator [see inset to
Fig.1(b)]. The trap frequencies thus increase by ﬃ2p. The
compressed BEC is held for 30 ms before the trap laser is
switched of (in less than10 s). The cloud fals onto a
position sensitive, single atom detector which alows us to
measure the atom velocities [25]. After compression, the
gas is excited principaly in the vertical direction: trans-
versely we only observe a slight heating (about 100 nK).
Figure1(b)shows a single shot distribution of vertical
atom velocities relative to the center of mass and integrated
horizontaly, while Fig.1(c)shows the same distribution
averaged over 50 shots. These distributions are more than 1
order of magnitude wider than that of an unafected BEC.
The individual shots show a complex structure which is not
reproduced from shot to shot, as is seen from the washing
out of the peaks upon averaging.
We consider the corelations between atoms with verti-
cal velocitiesvzandv0z, by constructing a normalized
second-order corelation function,gð2Þðvz;v0zÞ[25], aver-aged over thex-yplane and shown in Fig.2(a). The plot
exhibits two noticeable features along thev0z¼vzandv0z¼ vzdiagonals. The former reﬂects the ﬂuctuationsin the momentum distribution, as in the Hanbury Brown–
Twiss efect [26], except that this cloud is far from thermal
PRL109,220401 (2012)
Selected for aViewpointinPhysics
PHYSICAL REVIEW LETTERS week ending30 NOVEMBER 2012
0031-9007=12=109(22)=220401(5) 220401-1 2012 American Physical Society
equilibrium. Thev0z¼ vzcorelation is a clear signatureof a corelation between quasiparticles of opposite veloc-
ities. A projection of this of-diagonal corelation is shown
in Fig.2(b). At low momentum, the excitations created by
the perturbation are density waves (phonons) which in
general consist of superpositions of several atoms traveling
in opposite directions. In the conditions of our clouds, a
phonon is adiabaticaly converted into a single atom of the
same momentum during the release by a process refered to
as ‘phonon evaporation’ [27]. Therefore in the phonon
regime as wel as in the particle regime, we interpret the
back-to-back corelation in Fig.2(a)as the production of
pairs of Bogoliubov excitations with oppositely directed
momenta as predicted in the acoustic dynamical Casimir
efect analysis [12].
To further study this process, we replace the compres-
sion by a sinusoidal modulation of the laser intensity
IðtÞ¼I0ð1þ cos!mtÞ[inset of Fig.1(d)]. We choosesuch that the trap frequencies are modulated peak to peak
by about 10%. The modulation is applied for 25 ms
before releasing the condensate. Figures1(d)and1(e)
show, respectively, single shot and averaged momentum
distributions resulting from the modulation. One sees that
the momentum distribution develops sidebands, approxi-
mately symmetricaly placed about the center. Figure3(a)
shows the normalized corelation function, ploted in the
same way as in Fig.2(a), for a modulation frequency
!m=2 ¼2170 Hz. We again observe antidiagonal core-lations as for a sudden excitation except that the corela-
tions now appear at a wel-deﬁned velocity, which
coincides with that of the sidebands [see Fig.3(b)].
We have examined sinusoidal modulation for frequen-
cies!m=2 between 900 and 5000 Hz and observedexcitations similar to those in Fig.3. We summarize our
observations in Fig.4(a)in which we plot the excitation
frequency as a function of the sideband velocity. We also
plot the locations of the peaks in the corelation functions
on the same graph. For modulation frequencies much
above 2 kHz, the antidiagonal corelation functions are
quite noisy preventing us from clearly identifying corela-
tion peaks. This noise may have to do with the proximity
of the parametric resonance with the transverse trap fre-
quency ( 3 kHz)[19].
A weakly interacting quantum gas obeys the wel-known
Bogoliubov–de Gennes dispersion relation between the
frequency!kand wave vectork:
!k¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
c2k2þ @k
2
2m
2
s
; (1)
with ¼1andc, the sound velocity. This relation
describes both phonons (long wavelength excitations)
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FIG. 1 (color online). Efects of time-varying potentials. (a) Schematic view of the experiment. Pairs of Bogoliubov quasiparticles
are created by varying the trap stifness. After the ﬂight to the detector these excitations appear as a broadening or sidebands on the
atom cloud in the vertical (z) direction. In the folowing plots we convert arival times to relative velocities and average over the
transverse dimensions. (b) Single shot velocity distribution for a cloud which was subjected to a sudden increase in the trap stifness.
The inset shows the time evolution of the trap stifness. (c) As in (b) but averaged over 50 shots. (d) Single shot velocity distribution for
a cloud which was subjected to a weak, sinusoidal modulation of the trap stifness at 2.17 kHz. The inset shows the time evolution of
the trap stifness. (e) As in (d) but averaged over 780 shots.
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whose dispersion is linear and free particles, whose disper-
sion is quadratic. If our observation indeed coresponds to
the creation of pairs, we expect the total excitation energy
to be shared between the two excitations. Momentum con-
servation, on the other hand, requires that the two energies
be equal, implying!m¼2!k. Therefore the relationbetween the modulation frequency and the sideband veloc-
ity should also be given by Eq. (1) but with ¼2and
k¼mvz=@. Fiting the points in Fig.4(a)to (1) with andcas free parameters, we obtain ¼2:2 0:3. The ﬁted
sound velocity,8 3mm=s, is consistent with the value
one can calculate from the trap parameters and the esti-
mated number of atoms [25].
We can further coroborate our interpretation of pairwise
excitations by a method more direct and robust than the 2
parameter ﬁt to the data in Fig.4(a). In Fig.4(b),we
compare the dispersion relation resulting from modulation
with that obtained by Bragg scatering. Bragg scatering
produces single excitations of quasiparticles at a deﬁnite
energy and momentum [28]. We excited the BEC with
two lasers in the Bragg conﬁguration to determine the
frequency for a givenkvector [25]. Then, under the same
experimental conditions, using sinusoidal trap laser modu-
lation, we excited the BEC at various frequencies and
found the coresponding velocities. The lower curve in
Fig.4(b)is a ﬁt to the Bragg data in which we ﬁx ¼1
and ﬁt the speed of sound. The upper curve is a ﬁt to the
trap modulation data in which we set the speed of sound
to that found in the ﬁrst ﬁt and we alowed to vary. This
second ﬁt yields ¼2:07 0:2. The ﬁted speed of
sound for this data set (about13 mm=s) is higher than in
the data of Fig.4(a), because during these runs the number
of atoms in the condensate was larger.
An even more dramatic conﬁrmation of our interpreta-
tion would be the observation of sub-Poissonian intensity
diferences in the two sidebands, as was observed in the
experiment of Ref. [5], as wel as in Refs. [29]. The later
experiment modulated the center of a trapped, one dimen-
sional gas producing transverse excitations which in turn
FIG. 3 (color online). Density corelations after a periodic
modulation. (a) Normalized corelation function gð2Þðvz;v0zÞmeasured after sinusoidal modulation of the trap frequency at
a frequency!m=2 ¼2:17 kHz, averaging over 243 experi-mental shots. We observe a strong corelation between wel-
deﬁned, oppositely directed velocities. (b) Plot of the density
distribution (blue) and of the antidiagonal velocity corelation
function,gð2Þðvz;v0z¼ vzÞ(red).
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FIG. 2 (color online). Density corelations after a sudden
compression. (a) Normalized corelation functiongð2Þðvz;v0zÞofthe data in Fig.1(c)(50 shot average). The signal on the diagonal
results from the density ﬂuctuations in the cloud. The antidiag-
onal line indicates the creation of corelated quasiparticles with
opposite momenta, and is the signature of the dynamical Casimir
efect. (b) Antidiagonal corelation functiongð2Þðvz;v0z¼ vzÞ.The smooth line shows the result of smoothing the data over a
window of about1cm=s. The corelations apparently persist
over a scale comparable to that of the density distribution. (c)
Corelation function along the dashed line and integrated over a
region indicated by the doted arows, as a function of vz¼v0z vz. The dips on either side of the peak may be related to theefect reported in [32].
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produced twin beams. Equivalently, one could ask whether
the Cauchy-Schwarz inequality is violated [30], indicating
a nonclassical corelation. Comparing intensity diferences
in the sidebands we observe a reduction of the ﬂuctuations
compared to uncorelated regions of the distribution.
However, we observe no sub-Poissonian ﬂuctuations or
Cauchy-Schwarz violation, probably because of a back-
ground under the sidebands [see Fig.1(d)]. The back-
ground is due to atoms spiling out of the trap before
release.
Another diference between our experiment and an ideal
realization of the dynamical Casimir efect is that the
temperature is not negligible. This means that the pair
generation did not arise from the vacuum but rather from
thermal noise. For our temperature of 200 nK, the thermal
occupation of the mode of frequency 2 kHz is 1.6. In
the absence of a thermal background, the normalized
corelation function would show an even higher peak.
Using the perturbative approach of Ref. [12], one can
show thatgð2Þðvz;v0z¼ vzÞis a decreasing function ofthe temperature, since thermal quasiparticles are uncore-
lated and only dilute the corelation.
Many authors have discussed the relationship of the
dynamical Casimir efect to Hawking and Unruh radiation
(see [4] for a recent review). It has also been pointed out
that the two-particle corelations arising in the sonic
Hawking problem constitute an important potential detec-
tion strategy [10,31], although the above authors discussed
corelations in position space. The present study has con-
ﬁrmed the power of corelation techniques, and shown in
addition thatmomentum spaceis a good place to look for
them. We expect that a similar approach can be applied to
Hawking radiation analogs as wel as the general problem
of studying the physics of curved spacetime by laboratory
analogies.
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Tunable source of correlated atom beams
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We use a one-dimensional optical latice to modify the dispersion relation of atomic mater waves. Four-wave
mixing in this situation produces atom pairs in two wel-define beams. We show that these beams present a
narow momentum corelation, that their momenta are precisely tunable, and that this pair source can be operated
in the regimes of low mode occupancy and of high mode occupancy.
DOI:10.1103/PhysRevA.87.061603 PACS number(s): 03.75.Lm, 34.50.Cx, 42.50.Dv, 67.85.Hj
In quantum optics, the existence of mechanisms to produce
photon pairs, such as parametric down-conversion, enabled the
realization of several fundamental experiments on quantum
mechanics. For example, the violation of Bel’s inequalities
[1] or the Hong-Ou-Mandel efect [2] reveal the surpris-
ing properties of quantum corelations in entangled photon
pairs. These fascinating properties have found applications in
quantum information and communications [3]. In analogy to
photon pairs, there have been several recent demonstrations
of corelated atom-pair production [4–10]. In particular,
momentum corelations of spatialy separated samples is an
important requirement for the demonstration of an atomic
Einstein-Podolsky-Rosen state [11,12] and the violation of
Bel’s inequalities. Such momentum corelations were demon-
strated for atom pairs produced by molecule dissociation [4]
or by spontaneous four-wave mixing in free space through
the colision of two Bose-Einstein condensates (BECs) [5,13].
In these experiments the pairs which were produced lay on
a spherical shel. This geometry is disadvantageous because
many spatial modes are populated, and if one wishes to use
Bragg difraction to manipulate and recombine the pairs on
a beam spliter [11,14], the vast majority of the pairs are
unusable.
On the other hand, if pair production is concentrated in
a smal number of modes, experimenters can make more
eficien use of the generated pairs. One can then choose to
work either with low mode occupation, the wel-separated
pair regime, or with high mode occupation, refered to as
the squeezing regime in Ref. [15]. An example of twin
beams generated in the later regime is described in Ref. [6].
The squeezing regime is wel suited to the study of highly
entangled multiparticle systems and for investigations of atom
interferometry below the standard quantum limit [16,17]. The
source we study in this Rapid Communication can be operated
in both regimes. We use atomic four-wave mixing in a one-
dimensional (1D) optical latice, which results in production
of atom pairs in two wel-define beams, as proposed in
Ref. [18] and demonstrated in Ref. [19]. We show that these
beams present a narow momentum corelation, that their
momenta are precisely tunable, and that we can control their
intensities.
*bonneau@lens.unifi.it Present address: INO-CNR, via G. Sansone
1, 50019 Sesto Fiorentino - Firenze, Italy.
†Present address: Harvard-Smithsonian Center for Astrophysics,
Cambridge, Massachusets 02138, USA.
In atom optics, four-wave mixing coresponds to scatering
into new momentum classes subject to energy and momentum
conservation. In a wave picture, the conservation requirements
can be thought of as phase-matching conditions. The presence
of an optical latice modifie the free-space atomic dispersion
relation and therefore, for a range of initial quasimomenta
k0[20], the 1D scatering event 2k0→ k1+k2is alowed, as
shown in Fig.1(a). Thus, beginning from a BEC atk0,atom
pairs are spontaneously generated along the latice axis with
wel-define quasimomentak1andk2. We refer to this process
as four-wave mixing, but it can also be viewed as a special case
of a dynamical instability [21,22], which was studied in the
FIG. 1. (Color online) (a) 1D pair creation process in an optical
latice with periodλlat./2: The dispersion relation in the firs Bloch
band (green solid curve) alows scatering of atoms from a BEC with
quasimomentumk0(open red circle) in the latice frame into pairs
with quasimomentak1(file orange circle) andk2(file blue circle),
so that phase-matching conditions given by energy and momentum
conservations are fulfiled The example here is for a latice depth
V0=0.725Erecandk0=−0.65krec, withkrec=2π/λlat.the recoil
momentum andErec=h¯2k2rec/2m=h×44 kHz the recoil energy.(b) Vertical single-shot momentum distribution (integrated over the
total transverse distribution) measured for these conditions. The three
main peaks corespond to the initial BEC and to the macroscopicaly
populated beams centered atk1andk2, which are mainly projected in
the f rst Brilouin zone (in white) when the latice is switched of. As
expected, smal difraction peaks atk0+2krecandk2−2krecare also
visible, due to the proximity ofk0andk2to the band edge.
061603-11050-2947/2013/87(6)/061603(5) ©2013 American Physical Society
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FIG. 2. (Color online) Experimental setup and sequence: (1)
Initialy, a BEC of metastable helium is trapped in a vertical optical
potential with a 43μm waist. (2) An optical latice is suddenly
applied in the presence of the trap. It is tilted by 7◦with respect to
the trap axis, and is focused on the BEC with a 200μmwaist.(3)
After the dipole trap and optical latice switch of, the cloud expands
and fals on the 3D resolved single atom detector. Given the values of
the vertical and transverse Thomas-Fermi radi (0.5 mm and 3μm),
the arival time and position reflec the 3D momentum distribution,
provided the momenta are wel above 3×10−2krecalongzand
2×10−4krectransversely.
context of coherence [23,24] and atomic [25] losses appearing
for a BEC moving in a latice.
The experiment is performed on4He atoms in themx=1
sublevel of the 23S1metastable state. The experimental setup
and sequence are shown in Fig.2. After evaporative cooling
in an elongated, vertical dipole trap with frequenciesν⊥=
1.5 kHz andνz=6.5Hz[26], we produce a BEC (or more
precisely a quasi-BEC [27]) with about 105atoms. We then
apply a 1D optical latice with a depthV0=0.725Erec.This
latice is tuned 19 nm to the blue of the 1083 nm 23S1–23P
transition of helium. It is formed by two counterpropagating
17 mW beams with 200μm waists and whose relative detuning
δνcan be varied using acousto-optic modulators. We thus
control the value ofk0/krec=hδν/4Erec, the BEC’s momen-
tum in the latice frame. The latice is held on for a duration
TL=2 ms, and suddenly switched of, simultaneously with
the optical trap. To avoid magnetic perturbation of the cloud
during free fal, we apply an rf pulse that transfers 50% of
the atoms to the fiel insensitivemx=0 sublevel [26]. The
atoms remaining inmx=1 are subsequently removed by a
strong magnetic gradient. After a 307 ms mean time of f ight,
themx=0 atoms fal on a microchannel plate detector, which
permits 3D reconstruction of the atomic cloud [28].
As shown in Fig.1(b), we observe three main density peaks
after the time of f ight. The talest is the initial BEC. The two
others are formed by atoms scatered into momentum classes
centered ink1andk2, whose values are consistent with those
expected from the phase-matching conditions ilustrated in
Fig.1(a). Since the optical latice is switched of abruptly,
the Bloch states of momentak0,k1, andk2are projected onto
plane waves, mainly in the f rst Brilouin zone due to the
low latice depth. Each of the beams atk1andk2contains
about 102detected atoms, which we estimate to corespond
to about 2×103atoms per beam. We also detect some atoms
between the beams, which result from scatering into excited
transverse modes [29]. Due to the low overlap between the
transversely excited states and the initial wave function, this
transverse excitation is far less eficien than the previously
described 1D process. In addition, scatered atoms can also
undergo secondary scatering contributing to the background
between the beams.
In the folowing, we focus on the two beams. Using them
for quantum atom optics experiments or for interferometry
wil require recombining them. It is therefore crucial to
know the width of their corelation. From the 3D-momentum
distributionn(k), we computed the normalized second-order
cross-corelation function,
g(2)C(k,k)= n(k)n(k)n(k)n(k), (1)
wherekbelongs to beam 1 andkto beam 2. The BEC is
not exactly at rest in the optical trap, but exhibits shot-to-shot
momentum fluctuation on the order of 10−2krec. We corect
for these fluctuation by recentering separately the single shot
momentum distributionsn(k) aroundk1andk2,usingthe
shift obtained from Gaussian fit to the peak atk1and to
the difraction peak atk0+2krec. This corelation function
exhibits a peak forkz k1andkz k2[Figs.3(a)and3(b)].The presence of this peak indicates that the two atomic beams
are indeed corelated.
We wish to determine the number of modes present in
each beam, and how many of these modes are corelated.
We therefore examine the localsecond-order corelation
function of a single beam,g(2)L(k,k), which is obtained asin Eq.(1)but with bothkandkbelonging to beam 1. This
corelation function, ploted in Figs.3(c)and3(d), exhibits
bunching forkz kz k1, due to density fluctuation [asin the Hanbury-Brown–Twiss (HBT) efect [30]. Similar
bunching is observed atk2. If we suppose that the widthsof the local corelation defin the size of a single mode, we
can compare them to those of the density (longitudinal rms:
4×10−2krec;transverserms:4×10−1krec). We see that about10 longitudinal and 3 transverse modes are populated. Thus the
mode population is, roughly, 70 atoms/mode. For comparison,
in the case of free-space four-wave mixing [31], starting from
a similar initial BEC, 105modes were populated, with only
about 0.02 atoms/mode.
It appears in Fig.3that, while in the transverse direction,
the cross and local corelations have similar widths [Figs.3(a)
and3(c)], the cross corelation is 5 times broader than the
local one along the vertical axis [Figs.3(b)and3(d)]: each
mode is corelated with several modes of the other beam.
If one uses two such beams as inputs to a beam spliter,
this broadening amounts to a loss of coherence, and the
interference contrast would be reduced. We emphasize that
the observed widths may be broadened by other efects, and
so their numerical ratio is not exactly equal to the number of
corelated modes. For the local corelation, we estimate that
the finit vertical resolution of the microchannel plate detector
contributes notably to the observed width. This resolution
comes about because the surface which define the atom arival
061603-2
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FIG. 3. (Color online) (a) and (b) Cuts alongyandzof
the integrated, normalized cross-corelation function of the two
beams,g(2)C(k)= dkig(2)C(ki,kj+ k). The integration over themomentum distributionkiis performed on a box with dimensions
Lkx=Lky=0.4krecandLkz=5×10−2kreccentered on beam 1,ki+kj=(k1+k2)ˆez, and the cuts have a thickness 10−2krec(1.5×
10−1krec) alongz(xandy). The bunching, due to the corelation
between the two beams, has a longitudinal (transverse) widthσc,z=
1.8×10−2krec(σc,y=1.6×10−1krec). (c) and (d) Cuts alongyand
zof the integrated, normalized local corelation function of beam
1,g(2)L(k)= dkig(2)L(ki,ki+ k). The integration region is thesame as for the cross corelation, and the cuts have a thickness
2.5×10−3krec(0.1krec) alongz(xandy). The bunching, due to
the HBT efect, has a longitudinal (transverse) widthσl,z=3.7×
10−3krec(σl,y=1.3×10−1krec). Cuts alongx(not shown here) have
the same widths and amplitudes as cuts alongy. These corelation
functions are calculated using 850 experimental realizations, with
k0=−0.65krec, a latice depthV0=0.725Erec, and a latice duration
TL=2 ms. In al plots, the horizontal eror bars indicate the bin size
and the vertical ones corespond to the statistical 1σuncertainties.
The solid lines are Gaussian fit to the data from which we extract
the corelation widths.
time is not fla but consists of tilted channels which intercept
the atoms at diferent heights. The width shown in Fig.3(d)
is consistent with this interpretation. For the cross corelation,
the observed width is broadened by the fact that the vertical
source size is not negligible [32]. Note also that the limited
coherence of the initial quasi-BEC plays a role in the cross
corelation width [32].
The use of an optical latice permits control over the output
beam momenta. Changing the detuningδνbetween the latice
beams results in varying the value ofk0.InFig.4,weplotthe
mean vertical momentak1andk2of both beams, measured for
diferentk0, as wel as the expectation (solid line) based on the
phase-matching conditions ilustrated in Fig.1(a). We obtain
a fair agreement over a large range, even though the solid line
presents a smal shift in comparison to the data points and
does not reproduce the observed shape for high values ofk0.
However, as already observed for four-wave mixing in free
space [33], phase-matching conditions can be influence by
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FIG. 4. (Color online) Measured mean momentak1andk2of the
beams (black dots, in units ofkrec) as a function ofk0(initial BEC
momentum in the latice frame) for a depthV0=1.05Erecand a
durationTL=1.5 ms of the latice. The solid line shows the phase-
matching curve expected without interactions, while the dashed line
includes the mean fiel [see Eq.(2)].
mean-fiel efects. A simple corection to the phase-matching
curve is found just by adding the mean fiel to the energy
conservation condition: Since the two atoms of a scatered
pair are distinguishable from the atoms of the initial BEC,
the mean-fiel energy experienced by each of them is notgn0
(withg=4π¯h2a/m,aandmthe scatering length and the
mass of He∗andn0 1013atoms/cm3the BEC density), but
2gn0, so that the energy conservation condition reads:
2E(k0)+2gn0=E(k1)+E(k2)+4gn0, (2)
where the energyE(k) is given by the dispersion relation in
the f rst Bloch band of the latice without interaction. As seen
in Fig.4(dashed line), this corection leads to very good
agreement with the experimental data, and accounts for the
shift of the phase-matching curve and the change of its shape.
A more exact calculation of the phase-matching conditions,
inspired by Ref. [21], confirm the accuracy of Eq.(2)in our
experimental conditions and wil be given in Ref. [34].
Another degree of freedom results from the fact that pair
creation only takes place while the latice is on. We can thus
tune the beam populations with the latice durationTL.Inthe
example of Fig.5these populations increase exponentialy
withTLduring a few hundredμs, and then reach a plateau.
This saturation could be explained by several mechanisms
such as the decrease of spatial overlap between condensate and
scatered beams [19], multimode efects [35], and secondary
scaterings from the beams. Condensate depletion is at most
about 20% and should be of litle importance in the saturation.
For smalTL, there is no discernible population diference
between both beams. By contrast, we observe that at largeTL
the population of beam 1 is almost twice that of beam 2, a
phenomenon also noticed in Ref. [19]. This may be due to
k2being in a dynamicaly unstable region while atoms with
quasimomentumk1can only undergo secondary scatering to
excited transverse modes.
At intermediateTL, we observe negligible losses due to
secondary scateringandhigh mode population (around 60
atoms per mode atTL=0.2 ms in the example of Fig.5). The
resulting beams should contain strongly corelated pairs. In
an atempt to verify a nonclassical corelation, we examined
atom number diference between the two beams. By selecting
two regions around the centers of the two beams, we do indeed
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FIG. 5. (Color online) Dependence of the population of beam 1
(orange file circles) and beam 2 (blue open circles) on the latice
durationTLfork0=−0.67krecand for a latice depthV0=1.05Erec.
The gray line is an exponential f t of the detected population in beam
2forTL<0.3 ms, which gives a time constant of 0.1 ms and an
ofset of 11.5 detected atoms. This ofset is due to the smal thermal
part of the source cloud with quasimomentak1andk2. For a lower
latice depth, as for the data of Fig.3, the temporal evolution is a few
times slower [21]. Inset: same data with linear scale.
observe a sub-Poissonian number diference [6,31], as shown
in Fig.6. The observed variance is consistent with that ob-
served in Ref. [31], and is limited in large part by the quantum
eficien y of the detector. Other features of the variance are
puzzling, however. First the minimum of the dip in the variance
occurs when the center of region 1 is shifted by 0.1krecwith
respect to the center of the density distribution in beam 1.
Second, in the transverse plane, the size of the regions over
which the variance is reduced is nearly an order of magnitude
smaler than the transverse width of the corelation function.
We plan to investigate these efects in future experiments.
To conclude, we have demonstrated an eficien process for
the production of corelated atom pairs. We have control over
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FIG. 6. (Color online) Normalized variance of atom number
diference between two regions selected close to beams 1 and 2.
The data are the same as those of Fig.3. Regions are vertical
cylinders of radius 2.5×10−2krecand height 8.5×10−2krec.They
are centered on the two beams in the transverse plane. Along the
vertical axis, the center momentum (in the latice frame) of region 1
is scanned, whereas region 2 is f xed. A variance below unity indicates
sub-Poissonian fluctuations
both the fina momenta and the intensity of the corelated
beams. We characterize the width of the corelation in
momentum and fin evidence of sub-Poissonian fluctuation
of population diference. This source should be useful in
multiple particle interference experiments both in the regime
of wel-isolated pairs [12] and in the regime of large occupation
numbers [11].
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Second-order coherence of superradiance from a Bose-Einstein condensate
R. Lopes, A. Imanaliev, M. Bonneau,*J. Ruaudel,†M. Cheneau, D. Boiron, and C. I. Westbrook‡
Laboratoire Charles Fabry, Institut d’Optique–CNRS–Universit´e Paris-Sud, 2 avenue Augustin Fresnel, 91127 Palaiseau, France
(Received 23 December 2013; published 16 July 2014)
We have measured the two-particle corelation function of atoms from a Bose-Einstein condensate participating
in a superadiance process, which directly reflect the second-order coherence of the emited light. We compare
this corelation function with that of atoms undergoing stimulated emission. Whereas the stimulated process
produces corelations resembling those of a coherent state, we fin that superadiance, even in the presence
of strong gain, shows a corelation function close to that of a thermal state, just as for ordinary spontaneous
emission.
DOI:10.1103/PhysRevA.90.013615 PACS number(s): 03.75.Kk,42.50.Lc,67.10.Jn
Ever since the publication of Dicke’s 1954 paper [1], the
problem of the colective emission of radiation has occupied
many researchers in the field of light scatering, lasers, and
quantum optics. Colective emission is characterized by a
rate of emission which is strongly modifie compared to
that of individual atoms [2]. It occurs in many diferent
contexts: hot gases, cold gases, solids and even planetary
and astrophysical environments [3]. The case of an enhanced
rate of emission, originaly dubbed superadiance, is closely
connected to stimulated emission and gain and, as such,
resembles laser emission [4]. Lasers are typicaly characterized
by high phase coherence but also by a stable intensity,
coresponding to a Poissonian noise, or a fla second-order
corelation function [5]. Here we present measurements
showing that the coherence properties of superadiance, when
it occurs in an ultracold gas and despite strong amplifie
emission, are much closer to those of a thermal state, with
super-Poissonian-intensity noise.
Research has shown that the details of colective emission
depend on many parameters such as the pumping configura
tion, dephasing and relaxation processes, sample geometry,
presence of a cavity, etc., and, as a result, a complex
nomenclature has evolved including the terms superadiance,
superfluorescence amplifie spontaneous emission, mirorless
lasing, and random lasing [2,4,6–9], the distinctions among
which we do not atempt to summarize here. The problem
has recently seen renewed interest in the fiel of cold
atoms [10–25]. This is partly because cold atoms provide a
reproducible, easily characterized ensemble in which Doppler
broadening efects are smal and relaxation is generaly limited
to spontaneous emission. Most cold-atom experiments difer in
an important way from the archetypal situation f rst envisioned
by Dicke: instead of creating an ensemble of excited atoms at
a wel-define time and then alowing this ensemble to evolve
freely, the sample is typicaly pumped during a period long
compared to the relaxation time and emission lasts essentialy
only as long as the pumping. The authors of Ref. [10], however,
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†Curent address: Laboratoire Kastler Brossel, Universit´e Piere
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have argued that there is a close analogy to the Dicke problem,
and we folow them in designating this process superadiance.
In the literature on superadiance there has been relatively
litle discussion about the coherence and corelation properties
of the light. The theoretical treatments we are aware of
show that the coherence of colective emission can be quite
complicated but does not resemble that of a laser [2,13,20,26–
28]. These results, however, were obtained for simple models
that do not include al parameters relevant to laboratory
experiments. Experimentaly, a study performed on Rydberg
atoms coupled to a milimeter-wave cavity [29]showeda
thermal mode occupation, and an experiment in a cold atomic
vapor in free space [24] observed a nonfla second-order
corelation function. In the present work, we show that even if
the initial atomic state is a Bose-Einstein condensate (BEC),
the second-order corelation function looks thermal rather than
coherent.
Such behavior, which may seem counterintuitive, can be
understood by describing superadiance as a four-wave mixing
process between two mater waves and two electromagnetic
waves. The initial state consists of a condensate, a coherent
optical pump beam, and empty modes for the scatered atoms
and the scatered photons. If we make the approximation that
the condensate and the pump beam are not depleted and can
be treated as classical fields the mater-radiation interaction
Hamiltonian is given by
Hˆ=
i
[χiˆa†at,iaˆ†ph,i+χ∗iaˆat,iaˆph,i], (1)
whereaˆ†at,i(ˆaat,i) andaˆ†ph,i(ˆaph,i) denote atom and photoncreation (annihilation) operators for a specifi pair of momenta
ifi ed by energy and momentum conservation andχiis a
coupling constant. Textbooks [30] show that, starting from
an input vacuum state, this Hamiltonian leads to a product
of two-mode squeezed states. When one traces over one of
the two modes,α={at,i}or{ph,i}, the remaining modeβ
has a thermal occupation with a normalized two-particle or
second-order corelator
aˆ†βaˆ†βaˆβaˆβ
aˆ†βaˆβ2
=2, (2)
whereas it is unity for a laser. The problem has also been treated
for four-wave mixing of mater waves [31]. We emphasize
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that, when starting from initialy empty modes, the occupation
remains thermalregardlessof the gain.
In the experiment, we start from initialy nearly motionless
atoms of a BEC and observe their recoil upon photon emission.
To the extent that each recoil coresponds to the emission
of a single photon, we can obtain essentialy the same
information about the radiation from such measurements as
by observing it directly. In doing this, we are folowing the
approach pioneered in experiments such as [10] and [29]
and folowed by many others, which uses highly developed
atom detection and imaging techniques to glean most of the
experimental information about the process. We are able to
make time-integrated measurements of the emission, resolved
in transverse and longitudinal momentum as wel as in polar-
ization, and reconstruct the two-particle corelation function
of the recoiling atoms or, equivalently, the second-order
corelation function of the scatered light. We show that in the
configuratio of our experiment, the second-order corelation
is close to that of a thermal sample and very diferent from the
corelation properties of the initial, condensed atomic state.
We use helium in the 23S1,m=1 state confine in a crossed
dipole trap [see Fig.1(a)] with frequencies of 1300 Hz in the
xandydirections and 130 Hz in the (vertical)zdirection.
The dipole trap wavelength is 1.5μm. The atom number is
approximately 50 000, and the temperature of the remaining
thermal cloud 140 nK. A 9-G magnetic fiel along theyaxis
define a quantization axis. After producing the condensate, we
iradiate it with a laser pulse of 2.4 W/cm2tuned 600 MHz to
the red of the 23S1→ 23P0transition atλ=1083 nm and with
natural linewidth 1.6 MHz. The excitation beam propagates
(a) (b)
FIG. 1. (Color online) (a) Sketch of the experiment. A 9-G
magnetic fiel Bapplied along theyaxis define the quantization
axis. The excitation beam propagates with an angle of 10◦(not shown)
relative to thexaxis and its polarization is linear, with the same
angle relative to thezaxis. After emission, the atoms fal 46 cm
to a position-sensitive microchannel plate (MCP). The atom cloud
forms a sphere with enhanced occupation of the endfir modes. (b)
Atomic level scheme. The atoms, initialy in the 23S1,m=+1 state,
are excited to the 23P0state. From there, they can decay with equal
branching ratios to the three sublevels of the ground state. We detect
only the atoms which scater into them=0 state.
with an angle of 10◦relative to thexaxis and its polarization is
linear, with the same angle relative to thezaxis [see Fig.1(a)].
The pulse length is 5μs and it is applied with a delayτafter
switching of the trap. The expansion of the cloud during this
delay is a convenient way to vary both the optical density
and the anisotropy of the sample at constant atom number.
The absorption dipole matrix element is of theσ−form and
thus one-half of the laser intensity is coupled to the atomic
transition coresponding to a Rabi frequency of 56 MHz. The
excited atoms decay with equal branching ratios to the three
ground states. During the pulse, less than 10% of the atoms are
pumped into each of these states. Because of the polarization
selection rules, the atoms which are pumped into them=
0 state cannot reabsorb light from the excitation laser. By
focusing on these atoms, we study the regime of “Raman
superadiance” [15,32], by which we mean that an absorption
and emission cycle is accompanied by a change in the internal
state of the atom. When the trap is switched of, the atoms fal
toward a microchannel plate detector which detects individual
atoms with three-dimensional imaging capability and a 10%
to 20% quantum eficien y [33]. A magnetic-fiel gradient is
applied to sweep away al atoms except those scatered into
them=0 magnetic sublevel. The average time of f ight to the
detector is 310 ms and is long enough that the atoms’ positions
at the detector reflec the atomic momenta after interaction with
the excitation laser. Conservation of momentum then requires
that these atoms lie on a sphere with a radius equal to the
recoil momentumkrec=2π/λ. Any additional scatering of
light, whether from imperfect polarization of the excitation
laser or from multiple scatering by the atoms, wil result in the
atoms lying outside the sphere. We see no significan signal
from such events, but in order to completely eliminate the
possibility of multiple scatering we restrict our analysis of the
data to the spherical shel with inner radius 0.8krecand outer
radius 1.2krec.
We excite atoms in an elongated BEC in such a way
that an alowed emission dipole can radiate along the long
axis. In an anisotropic source, colective emission builds up
more eficientl in the directions of highest optical thickness.
Superadiance is therefore expected to occur along the long
axis of the BEC, in so-caled “endfire modes [10,34]. An
important parameter, then, is the Fresnel number of the
sample [2],F=2R2⊥/λRz, whereR⊥andRzare the horizontaland vertical Thomas-Fermi radi of the condensate. The
Fresnel number distinguishes between the difraction limited
(F<1) and the multimode superadiance regimes (F>1).
In our case,R⊥≈5μm andRz≈50μm, yielding a Fresnel
number of about unity.
Typical cuts through the atomic momentum distribution in
theyzplane are shown in Fig.2,forτ=500μs (left) and
τ≈0 (right). In both cases, the spherical shel with radius
1krecappears clearly. For the short delay, when the atomic
sample remains dense and anisotropic, we observe strong
scatering in the endfir modes at the top and botom poles
of the sphere. In addition to this change in the profil of the
distribution, we measure an increase in thetotal numberof
atoms on the sphere by a factor of∼5 fromτ=500μsto
τ≈0. Because each atom has scatered a single photon, this
increase directly reflect an increase in the rate of emission
in the sample and therefore demonstrates the colective nature
013615-2
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FIG. 2. (Color online) Momentum distribution of scatered
atoms in theyzplane (containing the emission dipole). Both
panels show the distribution in theyzplane, integrated between
kx=±0.1krecand summed over 100 shots. See the Supplemental
Information for a cut in thexzplane [35]. Left: Excitation laser
applied 500μs after the trap switch-of. Only the radiation patern
for ay-polarized dipole is visible. Right: Excitation laser applied
immediately after the trap switch-of. Strong superadiance is visible
in the vertical, endfir modes.
of the scatering process. At long delays, the condensate has
expanded suficientl that the optical thickness and anisotropy
have falen dramaticaly, suppressing the colective scatering.
By looking at the number of scatered atoms in thexdirection
(perpendicular to the plane in Fig.2), we have verifie that,
away from the endfir modes, the rate of emission varies by
less than 10% for diferent delays [35].
To see the distribution in a more quantitative way, we show
in Fig.3an angular plot of the atom distribution in theyzplane.
Data are shown for three delaysτbefore application of the
FIG. 3. (Color online) Angular distribution of scatered atoms in
theyzplane (containing the emission dipole) for diferent values of
the delayτbefore the excitation pulse. From botom to top: light-gray
(green) circles corespond toτ=500μs; dark-gray (blue) circles, to
τ=200μs; and light-gray (red) circles, toτ=0μs. Data forτ=
0 and 500μs are the same as those shown in Fig.2. Images were
integrated along thexaxis between±0.1krec, and only atoms lying
inside a shel with inner radius 0.8krecand outer radius 1.2krecwere
taken into account. The delaysτ=0, 200, and 500μs corespond to
peak densities of≈8, 2, and 0.4×1018m−3and to aspect ratios of 10,
5, and 2.5, respectively. The endfir modes are located at±π/2. The
half-width at half-maximum of the highest peak is 0.14 rad. Eror
bars are shown, denoting the 68% confidenc interval.
excitation pulse. For the 500-μs delay, the angular distribution
folows the wel-known “sin2θ” linear dipole emission patern,
with the anglesθ=0 andπcoresponding to the orientation
of the dipole along theyaxis [35]. For the 200-μs delay, the
superadiant peaks are already visible at the top of the dipole
emission profile For the shortest delay, the half-width of the
superadiant peaks is 0.14krec,or0.14 rad, consistent with
the difraction angle and the aspect ratio of the source. In the
vertical direction, the superadiant peaks are 10 times narower
than in the horizontal direction [35].
In the strongly superadiant case, we observe large and
uncorelated fluctuation of the heights of the two superadiant
peaks on a shot-to-shot basis. These fluctuation directly reflec
the fluctuation of the population of the superadiant modes.
We investigate these fluctuation further by measuring the
normalized two-particle corelation function of the scatered
atoms, define as
g(2)(k)= :ˆn(k)ˆn(k+ k):nˆ(k) nˆ(k+ k). (3)
Here,nˆis the atomic density and : : denotes normal ordering.
In practice, this function is obtained from a histogram of
pair separations knormalized to the autoconvolution of
the average particle momentum distribution [36,37]. Figure4
shows the experimentaly measured corelation functions
integrated over the momentum along two of three axes, both
(a)
(b)
FIG. 4. (Color online) Corelation functions along the (a)zand
(b)yaxis forτ≈0. Darker (blue) circles corespond to superadiant
peaks (define by|kz|>0.95krec). Lighter (orange) circles core-
spond to atoms from the scatering sphere away from the superadiant
peaks (define by|kz|<0.92krec). Solid lines are Gaussian fit
constrained to approach unity at large separation. Filed gray circles
corespond to a fraction of the initial condensate transfered to the
m=0 state via a stimulated Raman transfer. The dashed gray line
shows unity. Eror bars denote the 68% confidenc interval.
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for the superadiant peaks and on the scatering sphere away
from the peaks [35].
We see that in both cases the corelation function at zero
separation reaches a value close to 2. This shows clearly
that, despite strong amplifie emission in the endfir modes,
the atoms undergoing a superadiant process have statistics
comparable to that of a thermal sample. As emphasized in the
introductory section, these large fluctuation can be simply
understood by modeling the superadiant emission as a four-
wave mixing process; they arise from the fact that the emission
is triggered by spontaneous emission. For the superadiant
peaks, the corelation actualy is slightly larger than 2. Similar
behavior has appeared in some models [20,38], but these
models may not be directly applicable to our situation.
Figure4also shows that the corelation widths of the
superadiant modes are somewhat broader than those of the
atoms scatered in other modes. The efect is a factor of about
1.5 in the vertical direction and about 1.25 in the horizontal
direction [35]. The broadening indicates that the efective
source size for superadiance is slightly smaler than that for
spontaneous scatering. A decreased vertical source size for
superadiance is consistent with the observations in Refs. [39]
and [40], which showed that the superadiant emission is
concentrated near the ends of the sample. In the horizontal
direction, one also expects a slightly reduced source size
relative to the atom cloud since the gain is higher in the center,
where the density is higher. The fact that the corelation widths
are close to the widths of the momentum distribution [35]
indicates that the superadiant peaks are almost single mode as
expected for samples with a Fresnel number close to unity [2].
The spontaneous superadiant scatering process should
be contrasted with stimulated Raman scatering. In terms of
the model described by Hamiltonian (1), stimulated Raman
scatering coresponds to seeding one of the photon modes
with a coherent state. In this case, vacuum fluctuation do
not initiate the scatering process, and the resulting mode
occupation is not thermal but coherent. To study stimulated
scatering, we applied the excitation beam together with
another beam polarized paralel to the magnetic fiel and
detuned by the Zeeman shift (25 MHz) with respect to the
σ-polarized beam, inducing a stimulated Raman transition.
The laser intensities were adjusted to transfer a similar number
of atoms to them=0 state as in the superadiance experiment.
The normalized corelation functions in this situation, shown
in Fig.4, are very nearly fla and equal to unity as we expect
for a BEC [36,41,42]. The complementary experiment, seeding
theatomicmode with a coherent state has also been observed
to produce a coherent amplifie mater wave [43,44]. As a
side remark, we have also observed that the superadiant atom
peaks are 2.8 times narower in the vertical direction than the
vertical width of the transfered condensate [35]. We atribute
this to a longitudinal gain narowing efect [27].
We also investigated the influenc of several other ex-
perimental parameters on the second-order coherence of the
superadiant emission: We have excited the atomic sample with
a longer and stronger pulse (10μs, 3.2 W/cm2), so that the
initial condensate was entirely depleted. We have explored the
Rayleigh scatering regime, in which the atoms scater back to
their initial internal state. We also changed the longitudinal
confinemen frequency of the BEC to 7 Hz, leading to a
much higher aspect ratio. These diferent configuration led
to two-particle corelation functions which were very similar
to the one discussed above. We believe that similar fluctuation
wil occur in superadiance from a thermal cloud provided that
the gain in the medium is large enough. We were unable to
confir this experimentaly in our system, precisely because
of the vastly reduced optical density. However, noncoherent
intensity fluctuation have been observed using magneto-
opticaly trapped atoms [24]. This seems to confir our
interpretation that the large fluctuation of the superadiant
mode occupation is an intrinsic property of superadiant
emission, reflectin the seeding by spontaneous emission. The
only way to suppress these fluctuation would be to restrict the
number of scatering modes to one by means of a cavity and
to saturate the gain by completely depleting the atomic cloud.
The occupation of the superadiant mode would then simply
reflec that of the initial atomic sample.
An interesting extension of the techniques used here
is to examine superadiant Rayleigh scatering of a light
pulse short enough and strong enough to populate oppositely
directed modes [45]. It has been predicted [13,14,46] that
the modes propagating in opposite directions are entangled,
similar to those produced in atomic four-wave mixing [47–49].
A similar measurement technique should be able to reveal
them.
We acknowledge fruitful discussions with A. Browaeys,
J.-J. Grefet, and P. Pilet. This work was supported by the
IFRAF institute, the Triangle de la Physique, the LABEX
PALM, the ANR-ProQuP project, and the ERC Quantatop
(Grant No. 267 775). J.R. was supported by the DGA; R.L.,
by FCT scholarship SFRH/BD/74352/2010.
[1] R. H. Dicke,Phys. Rev.93,99(1954).
[2] M. Gross and S. Haroche,Phys. Rep.93,301(1982).
[3] V. Letokhov and S. Johansson,Astrophysical Lasers(Oxford
University Press, New York, 2008).
[4] A. E. Siegman,Lasers(University Science Books, Mil Valey,
CA, 1986).
[5] R. Loudon,The Quantum Theory of Light(Oxford University
Press, Oxford, 2000).
[6] N. Rehler and J. Eberly,Phys.Rev.A3,1735(1971).
[7] L. Alen and G. Peters,Phys. Rev. A8,2031(1973).
[8] R. Bonifacio and L. Lugiato,Phys. Rev. A11,1507(1975).
[9] J. MacGilivray and M. Feld,Phys. Rev. A14,1169(1976).
[10] S. Inouye, A. P. Chikkatur, D. M. Stamper-Kurn, J. Stenger,
D. E. Pritchard, and W. Keterle,Science285,571(1999).
[11] M. G. Moore, O. Zobay, and P. Meystre,Phys.Rev.A60,1491
(1999).
[12]O¨. E. M¨ustecaplioglu and L. You,Phys. Rev. A62,063615
(2000).
[13] N. Piovela, M. Cola, and R. Bonifacio,Phys.Rev.A67,013817
(2003).
013615-4
SECOND-ORDER COHERENCE OF SUPERRADIANCE FROM . . . PHYSICAL REVIEW A90, 013615 (2014)
[14] H. Pu, W. Zhang, and P. Meystre,Phys. Rev. Let.91,150407
(2003).
[15] Y. Yoshikawa, T. Sugiura, Y. Tori, and T. Kuga,Phys.Rev.A
69,041603(2004).
[16] N. Bar-Gil, E. E. Rowen, and N. Davidson,Phys.Rev.A76,
043603(2007).
[17] T. Wang, S. F. Yelin, R. Cˆot´e, E. E. Eyler, S. M. Farooqi, P. L.
Gould, M. Koˇstrun, D. Tong, and D. Vrinceanu,Phys. Rev. A
75,033802(2007).
[18] E. Paradis, B. Baret, A. Kumarakrishnan, R. Zhang, and G.
Raithel,Phys. Rev. A77,043419(2008).
[19] A. Hiliard, F. Kaminski, R. le Targat, C. Olausson, E. S. Polzik,
and J. H. M¨uler,Phys. Rev. A78,051403(2008).
[20] D. Meiser and M. J. Holand,Phys. Rev. A81,063827(2010).
[21] L. Deng, E. W. Hagley, Q. Cao, X. Wang, X. Luo, R. Wang,
M. G. Payne, F. Yang, X. Zhou, X. Chenet al.,Phys.Rev.Let.
105,220404(2010).
[22] T. Vogt, B. Lu, X. X. Liu, X. Xu, X. Zhou, and X. Chen,Phys.
Rev. A83,053603(2011).
[23] J. G. Bohnet, Z. Chen, J. M. Weiner, D. Meiser, M. J. Holand,
and J. K. Thompson,Nature484,78(2012).
[24] J. A. Greenberg and D. J. Gauthier,Phys. Rev. A86,013823
(2012).
[25]Q. Baudouin, N. Mercadier, V. Guarera, W. Guerin, and
R. Kaiser,Nat. Phys.9,357(2013).
[26] F. Haake and R. J. Glauber,Phys.Rev.A5,1457(1972).
[27] M. G. Moore and P. Meystre,Phys. Rev. Let.83,5202(1999).
[28] V. V. Temnov and U. Woggon,Opt. Express17,5774(2009).
[29] J.-M. Raimond, P. Goy, M. Gross, C. Fabre, and S. Haroche,
Phys.Rev.Let.49,1924(1982).
[30] C. C. Gery and P. Knight,Introductory Quantum Optics
(Cambridge University Press, Cambridge, 2005).
[31] K. Mølmer, A. Perin, V. Krachmalnicof, V. Leung, D. Boiron,
A. Aspect, and C. I. Westbrook,Phys. Rev. A77,033601(2008).
[32] D. Schneble, G. K. Campbel, E. W. Streed, M. Boyd, D. E.
Pritchard, and W. Keterle,Phys.Rev.A69,041601(2004).
[33] J.-C. Jaskula, M. Bonneau, G. B. Partridge, V. Krachmalnicof,
P. Deuar, K. V. Kheruntsyan, A. Aspect, D. Boiron, and C. I.
Westbrook,Phys.Rev.Let.105,190402(2010).
[34] R. H. Dicke, inQuantum Electronics; Proceedings of the
Third International Congress, Paris.,editedbyP.Grivetand
N. Bloembergen (Columbia University Press, New York, 1964).
[35] See Supplemental Material athtp:/link.aps.org/supplemental/
10.1103/PhysRevA.90.013615for the atomic distribution in
thexzplane, details on the calculation of the corelation
functions, and a table summarizing the widths of the momentum
distributions and corelation functions.
[36] M. Schelekens, R. Hoppeler, A. Perin, J. V. Gomes, D. Boiron,
A. Aspect, and C. I. Westbrook,Science310,648(2005).
[37] K. V. Kheruntsyan, J.-C. Jaskula, P. Deuar, M. Bonneau, G. B.
Partridge, J. Ruaudel, R. Lopes, D. Boiron, and C. I. Westbrook,
Phys. Rev. Let.108,260401(2012).
[38]T. Wasak, J. Chwede´nczuk, P. Zi´n, and M. Trippenbach,Phys.
Rev. A86,043621(2012).
[39] O. Zobay and G. M. Nikolopoulos,Phys. Rev. A73,013620
(2006).
[40] L. E. Sadler, J. M. Higbie, S. R. Leslie, M. Vengalatore, and D.
M. Stamper-Kurn,Phys. Rev. Let.98,110401(2007).
[41] A.¨Otl, S. Riter, M. K¨ohl, and T. Esslinger,Phys. Rev. Let.95,
090404(2005).
[42] S. S. Hodgman, R. G. Dal, A. G. Manning, K. G. H. Baldwin,
and A. G. Truscot,Science331,1046(2011).
[43] S. Inouye, T. Pfau, S. Gupta, A. P. Chikkatur, A. Gorlitz, D. E.
Pritchard, and W. Keterle,Nature402,641(1999).
[44] M. Kozuma, Y. Suzuki, Y. Tori, T. Sugiura, T. Kuga, E. Hagley,
and L. Deng,Science286,2309(1999).
[45] D. Schneble, Y. Tori, M. Boyd, E. W. Streed, D. E. Pritchard,
and W. Keterle,Science300,475(2003).
[46] L. F. Buchmann, G. M. Nikolopoulos, O. Zobay, and
P. Lambropoulos,Phys. Rev. A81,031606(2010).
[47] W. RuGway, S. S. Hodgman, R. G. Dal, M. T. Johnsson, and
A. G. Truscot,Phys. Rev. Let.107,075301(2011).
[48]R. Bucker, J. Grond, S. Manz, T. Berada, T. Betz, C. Koler,
U. Hohenester, T. Schumm, A. Perin, and J. Schmiedmayer,
Nat. Phys.7,608(2011).
[49] M. Bonneau, J. Ruaudel, R. Lopes, J.-C. Jaskula, A. Aspect,
D. Boiron, and C. I. Westbrook,Phys. Rev. A87,061603
(2013).
013615-5
AnatomicHong–Ou–Mandelexperiment
R.Lopes,A.Imanaliev,A.Aspect,M.Cheneau,D.Boiron,C.I.Westbrook
LaboratoireCharlesFabry
Institutd’OptiqueGraduateSchool–CNRS–UniversitéParisSud,
2avenueAugustinFresnel,91127Palaiseau,France
16thJanuary2015
Quantummechanicsisaverysuccessfulandstilintriguingtheory,introducing
two majorcounter-intuitiveconcepts.Wave-particleduality meansthatobjects
normalydescribedasparticles,suchaselectrons,canalsobehaveaswaves,while
entitiesprimarilydescribedaswaves,suchaslight,canalsobehaveasparticles.
Thisrevolutionaryideaneverthelessreliesonnotionsborrowedfromclassicalphys-
ics,eitherwavesorparticlesevolvinginourordinaryspace-time.Bycontrast,en-
tanglementleadstointerferencesbetweentheamplitudesof multi-particlestates,
whichhappeninanabstract mathematicalspaceandhavenoclassicalcounter-
part.Thisfundamentalfeaturehasbeenstrikinglydemonstratedbytheviolation
of Bel’sinequalities1–4. Thereis,however,aconceptualysimplersituationin
whichtheinterferencebetweentwo-particleamplitudesentailsabehaviourim-
possibletodescribebyanyclassical model.Itwasrealisedinthe Hong,Ouand
Mandel(HOM)experiment5,inwhichtwophotonsarrivingsimultaneouslyinthe
inputchannelsofabeam-splitteralwaysemergetogetherinoneoftheoutput
channels.Inthisletter,wereportontherealisation,withatoms,ofa HOMex-
perimentcloselyfolowingtheoriginalprotocol.Thisopenstheprospectoftesting
Bel’sinequalitiesinvolving mechanicalobservablesof massiveparticles,suchas
momentum,using methodsinspiredbyquantumoptics6,7,withaneyeontheor-
iesofthequantum-to-classicaltransition8–11. Ourworkalsodemonstratesanew
waytoproduceandbenchmarktwin-atompairs12,13that maybeofinterestfor
quantuminformationprocessing14andquantumsimulation15.
1
ar
Xiv
:15
01.
03
06
5v
2  [
qua
nt-
ph]
  1
5 J
an 
201
5
Apairofentangledparticlesisdescribedbyastatevectorthatcannotbefactoredasa
productoftwostatevectorsassociatedwitheachparticle. Althoughentanglementdoesnot
requirethatthetwoparticlesbeidentical2,itarisesnaturalyinsystemsofindistinguishable
particlesduetothesymmetrisationofthestate. AremarkableilustrationistheHOMex-
periment,inwhichtwophotonsenterinthetwoinputchannelsofabeam-splitterandone
measuresthecorrelationbetweenthesignalsproducedbyphotoncountersplacedatthetwo
outputchannels.Ajointdetectionatthesedetectorsarisesfromtwopossibleprocesses:either
bothphotonsaretransmittedbythebeam-splitterorbotharereﬂected(Fig.1c).Ifthetwo
photonsareindistinguishable,bothprocessesleadtothesameﬁnalquantumstateandthe
probabilityofjointdetectionresultsfromtheadditionoftheiramplitudes. Becauseofele-
mentarypropertiesofthebeam-splitter,theseamplitudeshavesamemodulusbutopposite
signs,thustheirsumvanishesandsoalsotheprobabilityofjointdetection(Refs.[16,17]and
Methods).Infact,tobefulyindistinguishable,notonlymustthephotonshavethesame
energyandpolarisation,buttheirﬁnalspatio-temporalmodesmustbeidentical.IntheHOM
experiment,itmeansthatthetwophotonsenterthebeam-splitterinmodesthataretheexact
imagesofeachother.Asaresult,whenmeasuredasafunctionofthedelaybetweenthearrival
timesofthephotonsonthebeam-splitter,thecorrelationexhibitsthecelebrated‘HOMdip’,
idealygoingtozeroatnuldelay.
Inthisletter,wedescribeanexperimentequivalentinalimportantrespectstotheHOM
experiment,butperformedwithbosonicatomsinsteadofphotons. Weproducefreelypropagat-
ingtwinbeamsofmetastableHelium4atoms18,whichwethenreﬂectandoverlaponabeam-
splitterusingBraggscatteringonanopticallattice(Ref.[19]andFig.1).Thephotoncounters
afterthebeam-splitterarereplacedbyatime-resolved,multi-pixelatom-countingdetector20,
whichenablesthemeasurementofintensitycorrelationsbetweentheatombeamsinweldeﬁned
spatialandspectralregions. Thetemporaloverlapbetweentheatomscanbecontinuously
tunedbychangingthemomentwhentheatomicbeam-splitterisapplied. Weobservethe
HOMdipwhentheatomssimultaneouslypassthroughthebeam-splitter.Suchacorrelation
hasnoexplanationintermsofclassicalparticles.Inaddition,aquantitativeanalysisofthevis-
ibilityofthedipalsorulesoutanyinterpretationintermsofsingle-particlematterwaves.Our
observationmustinsteadresultfromaquantuminterferencebetweenmulti-particleamplitudes.
2
OurexperimentstartsbyproducingaBose–Einsteincondensate(BEC)ofmetastableHe-
lium4atomsinthe23S1,m=1internalstate.TheBECcontains5to6×104atomsandis
conﬁnedinanelipticalopticaltrapwithitslongaxisalongthevertical(z)direction(Fig.1a).
Theatomiccloudhasradiof58and5µmalongthelongitudinalandtransverse(⊥)directions,
respectively.Amovingopticallattice,superimposedontheBECfor300µs,inducesthescat-
teringofatompairs(hereafterreferredtoastwinatoms)inthelongitudinaldirectionthrough
aprocessanalogoustospontaneousfourwavemixing(Refs.[18,21,22]andMethods). One
beam,labeleda,hasafree-spacevelocityvz 12.1cms−1inthelaboratoryframeofreference
andtheotherbeam,labeledb,hasavelocityvz 7.0cms−1(Fig.1b,c). Thetwinatom
beamsclearlyappearinthevelocitydistributionoftheatoms,whichisdisplayedinFig.2.
Thevisiblediﬀerenceinpopulationbetweenthebeamsprobablyresultsfromsecondaryscat-
teringprocessesintheopticallattice,leadingtothedecayovertimeofthequasi-momentum
states18. Aftertheopticallatticehasbeenswitchedoﬀ(timet1),thetwinatomspropagate
intheopticaltrapfor200µs. Atthismoment,thetrapitselfisswitchedoﬀandtheatoms
aretransferredtothemagneticalyinsensitivem=0internalstatebyatwo-photonRaman
transition(Methods).
Fromhereon,theatomsevolveundertheinﬂuenceofgravityandcontinuetomoveapart
(Fig.1b).Attimet2=t1+500µs,wedeﬂectthebeamsusingBraggdiﬀractiononasecond
opticallattice,soastomakethemconverge.Inthecentre-of-massframeofreference,this
deﬂectionreducestoasimplespecularreﬂection(Fig.1candMethods).Attimet3 2t2−t1,
weapplythesamediﬀractionlatticeforhalftheamountoftimeinordertorealiseabeam-
splittingoperationonthecrossingatombeams. Changingthetimet3alowsustotunethe
degreeoftemporaloverlapbetweenthetwinatoms. Fig.1cshowstheatomictrajectories
inthecentre-of-massframeofreferenceandrevealsthecloseanalogywithaphotonicHOM
experiment. Theatomsendtheirfalonamicro-channelplatedetectorlocated45cmbelow
thepositionoftheinitialBECandwerecordthetimeandtransversepositionofeachatomic
impactwithadetectioneﬃciencyη∼25%(Methods).Thetimeofﬂighttothedetectoris
approximately300ms,longenoughthattherecordedsignalyieldsthethreecomponentsofthe
atomicvelocity.Bycolectingdatafromseveralhundredrepetitionsoftheexperimentunder
thesameconditions,weareabletoreconstructaldesiredatomnumbercorrelationswithin
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variableintegrationvolumesofextent∆vz×∆v2⊥.Thesevolumesplayasimilarroletothat
ofthespatialandspectralﬁltersintheHOMexperimentandcanbeadjustedtoerasethe
informationthatcouldalowtracingbacktheoriginofadetectedparticletooneoftheinput
channels.
TheHOMdipshouldappearinthecross-correlationbetweenthedetectionsignalsinthe
outputchannelsofthebeam-splitter(Ref.[16]andMethods):
G(2)cd= η∆vz∆v2⊥
2
Vc×Vd
aˆ†vcˆa†vdˆavdˆavc d(3)vcd(3)vd. (1)
Here,aˆvandˆa†vdenotetheannihilationandcreationoperatorsofanatomwiththree-dimensional
velocityv,respectively,·standsforthequantumandstatisticalaverageandVc,ddesignate
theintegrationvolumescentredontheoutputatombeamscandd(Fig.1c). Wehavemeasured
thiscorrelationasafunctionofthedurationofpropagationτ=t3−t2betweenthemirrorand
thebeam-splitter(Fig.3)andforvariousintegrationvolumes(seesupplementarymaterial).
Weobserveamarkedreductionofthecorrelationwhen τisequaltothedurationofpropaga-
tionfromthesourcetothemirror(t3−t2 t2−t1)andforsmalenoughintegrationvolumes,
correspondingtoafuloverlapoftheatomicwave-packetsonthebeam-splitter.Fittingthe
datawithanempiricalGaussianproﬁleyieldsavisibility:
V=maxτG
(2)
cd(τ)−minτG(2)cd(τ)
maxτG(2)cd(τ)
=0.65(7), (2)
wherethenumberinparenthesisstandsforthe68%conﬁdenceinterval.Asweshrinktheinteg-
rationvolumes,weobservethatthedipvisibilityﬁrstincreasesandthenreachesasaturation
value,asisexpectedwhentheintegrationvolumesbecomesmalerthantheelementaryatomic
modes.ThedatadisplayedinFig.3wereobtainedfor∆vz=0.3cms−1and∆v⊥=0.5cms−1,
whichmaximisesthereductionofthecorrelationwhilepreservingastatisticalysigniﬁcant
numberofdetectionevents(seesupplementarymaterial).
Thedipinthecross-correlationfunctioncannotbeexplainedintermsofclassicalparticles,
forwhichwewouldhavenocorrelationatalbetweenthedetectionsintheoutputchannels.
Whentheatomsareviewedaswaveshowever,demonstratingthequantumoriginofthedip
4
necessitatesadeeperanalysis. Thereasonisthattwowavescaninterfereatabeam-splitter
andgiverisetoanintensityimbalancebetweentheoutputports.If,inaddition,thecoherence
timeofthewavesisﬁnite,thecross-correlationcandisplayadipsimilartotheoneobservedin
ourexperiment.Butonceaveragedoverthephasediﬀerencebetweenthebeams,thevisibility
isboundedfromaboveandcannotexceed0.5(Refs.[23,24]andMethods).Inourexperiment,
thisphasediﬀerenceisrandomisedbytheshot-to-shotﬂuctuationsoftherelativephasebetween
thelaserbeamsusedforBraggdiﬀraction(Methods).Sinceourmeasuredvisibilityexceeds
thelimitforwavesbytwostandarddeviations,wecansafelyruleoutanyinterpretationofour
observationintermsofinterferencebetweentwo‘classical’matterwavesor,inotherwords,
betweentwoordinarywavefunctionsdescribingeachofthetwoparticlesseparately.
Twocontributionsmayberesponsibleforthenon-zerovalueofthecorrelationfunctionat
thecentreofthedip:thedetectedparticlesmaynotbefulyindistinguishableandthenumber
ofparticlescontainedintheintegrationvolumemayexceedunityforeachbeam(Refs.[23,25]
andMethods).Theeﬀectoftheatomnumberdistributioncanbequantiﬁedbymeasuringthe
intensitycorrelationsofthetwinatombeamsupstreamofthebeam-splitter(Fig.1c),which
boundthevisibilityofthedipthroughtherelation:
Vmax=1− G
(2)aa+G(2)bb
G(2)aa+G(2)bb+2G(2)ab
, (3)
whereG(2)aa,G(2)bb andG(2)ab aredeﬁnedaccordingtoEq.1(Ref.[24]andMethods). Here,one
immediatelyseesthattheﬁniteprobabilityofhavingmorethanoneatomintheinputchannels
willeadtoﬁnitevaluesoftheauto-correlationsG(2)aa,G(2)bbandthereforetoareducedvisibility.
Wehaveperformedthemeasurementofthesecorrelationsfolowingthesameexperimental
procedureasbefore,exceptthatwedidnotapplythemirrorandbeam-splitter. Weﬁndnon-
zerovaluesG(2)aa=0.016(5),G(2)bb =0.047(9),andG(2)ab =0.048(7),yieldingVmax =0.60(10),
wheretheuncertaintyisthestandarddeviationofthestatisticalensemble.Becauseofthegood
agreementwiththemeasuredvalue,weconcludethattheatomnumberdistributionintheinput
channelsentirelyaccountsforthevisibilityoftheHOMdip.Forthepresentexperimentwe
estimatetheaveragenumberofincidentatomstobe0.5(1)inVaand0.8(2)inVb,corresponding
toaratiooftheprobabilityforhavingtwoatomstothatforhavingoneatomof0.25(5)and
5
0.40(10),respectively(Methods). Achievingmuchsmalervaluesispossible,forinstanceby
reducingthepairproductionrate,butatthecostofmuchlowercountingstatistics.
Althoughmulti-particleinterferencescanbeobservedwithparticlesemittedorprepared
independently13,26–29,twinparticlesourcesareattheheartofmanyprotocolsforquantum
informationprocessing14andquantumsimulation15. ThegoodvisibilityoftheHOMdipin
ourexperimentdemonstratesthatourtwinatomsourceproducesbeamswhichhavehighly
correlatedpopulationsandarewel modematched.Thisisanimportantachievementinitself,
whichmayhavethesameimpactforquantumatomopticsasthedevelopmentoftwinphoton
sourcesusingnon-linearcrystalshadforquantumoptics(seeforinstanceRef.[30]).
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Figure1|Schematicoftheexperiment. a,ABose–Einsteincondensate(BEC,
whiteoval)ofmetastableHelium4atomsistrappedinanelongatedopticaltrap(red
shadedarea). Amovingopticallattice,heredepictedinblue,issuperimposedonthe
BECandtriggersthescatteringofatompairsalongthez-axis. Whenthislatticeandthe
trapareswitchedoﬀ,theatomsfaltowardsamicro-channelplatedetectorlocated45cm
belowtheinitialpositionoftheBEC(drawingnottoscale).b,Thetimediagramshows
theevolutionofthetwinatomverticalcoordinates(blueandredlines).Betweent1and
t2,t2andt3,andaftert3,theatomsmoveunderthesoleinﬂuenceofgravity(drawing
nottoscale).Att2,thetwinatomvelocitiesareswappedusingBraggdiﬀractiononan
opticallattice.Attimet3,whentheatomictrajectoriescrossagain,thesamelatticeis
appliedforhalftheamountoftimeinordertorealiseabeam-splitter.c,Inthecentre-
of-massframeofreference,thetrajectoriesoftheatomsresemblethoseofthephotons
intheHong–Ou–Mandelexperiment. Ajointdetectionariseseitherwhenbothatoms
aretransmittedthroughthebeam-slitter(upperpanel)orwhenbotharereﬂected(lower
panel).Ifthetwoparticlesareindistinguishable,theseprocessesendinthesameﬁnal
quantumstateandtheprobabilityofjointdetectionresultsfromtheadditionoftheir
amplitudes. Forbosonstheseamplitudeshavesamemodulusbutoppositesigns,thus
theirsumvanishesandsoalsotheprobabilityofjointdetection.
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Figure2|Velocitydistributionofthetwinatoms.a,Two-dimensionalvelocity
distributionofthetwinatombeamsemittedbythesource.Theredshadedarea,drawn
hereonlyforthelowerbeam,labeledbinFig.1bandc,showstheintegrationvolumeused
forcomputingthecorrelationfunctiondisplayedinFig.3.Thedistributioncorrespondsto
anaverageoverabout1,100measurementsandisnotcorrectedforthelimiteddetection
eﬃciency. Thevelocitiesaregivenrelativetothelaboratoryframeofreference. The
sizeofeachpixelis0.25cms−1inthetransversedirections(xandy)and0.15cms−1in
thelongitudinal(z)directionandanintegrationover2pixelsisperformedalongthey
direction.b,c,Cutsofthetwo-dimensionalvelocitydistributionthroughthecentreof
thelowerbeamalongthelongitudinal(b)andtransverse(c)directions.Thedatapoints
resultfromtheaverageover2pixelsalongthedirectionperpendiculartothecut.The
ful widthathalf-maximumofthedistribution,obtainedfromaGaussianﬁt,isabout
1.4cms−1alongboththelongitudinalandtransversedirections. Theredshadedarea
againshowstheintegrationvolume.
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Figure3|HOMdipinthecross-correlationfunction.ThecorrelationG(2)cdbetweentheoutputportsofthebeam-splitter,deﬁnedinEq.1,wasmeasuredasafunctionof
thedurationofpropagationτ=t3−t2betweenthemirrorandthebeamsplitter.The
HOMdipisdirectlyvisibleasamarkedreductionofthecorrelationwhenτequalsthe
durationofpropagationt2−t1 500µsbetweenthesourceandthemirror,corresponding
tosymmetricpathsbetweenthesourceandthebeam-splitter,i.e. whenonecannot
distinguishbetweenthetwodiagramsofFig.1c. AGaussianﬁt(blueline)precisely
locatesthedipatτ=550(50)µs,withaful-widthathalf-maximumof150(40)µs,where
theuncertaintycorrespondstothe68%conﬁdenceinterval. Themeasuredvisibility
isV=0.65(7).Itistwostandarddeviationsbeyondtheclassical-to-quantumthreshold
representedbytheredshadedarea,whichtakesintoaccounttheexperimentaluncertainty
overthebackgroundcorrelationvalue. Eachdatapointwasobtainedfromanaverage
overabout500to1,400repetitionsoftheexperiment. Errorbarsdenotethestandard
deviationofthestatisticalensemble.Themeandetectedatomnumberwasconstantover
therangeofvaluesofτdisplayedhere(seesupplementarymaterial).
9
AcknowledgementsWethankJosselinRuaudelandMarieBonneaufortheircontribution
totheearlystepsoftheexperiment. WealsothankKarenKheruntsyan,JanChwedeńczuk
andPiotrDeuarfordiscussions. WeacknowledgefundingbyIFRAF,TriangledelaPhysique,
LabexPALM,ANR(PROQUP),FCT(scholarshipSFRH/BD/74352/2010toR.L.)andEU
(ERCGrant267775–QUANTATOPandMarieCurieCIG618760–CORENT).
AuthorInformationCorrespondenceandrequestsformaterialsshouldbeaddressedto
R.L.(raphael.lopes@institutoptique.fr)orM.C.(marc.cheneau@institutoptique.fr).
10
Methods
Twinatomsource
ThetwinatombeamsresultfromascatteringprocessbetweenpairsofatomsfromtheBEC
occurringwhenthegasisplacedinamovingone-dimensionalopticallattice.Theexperimental
set-uphasbeendescribedinRef.[18].Thelatticeisformedbytwolaserbeamsderivedfrom
thesamesourceemittingatthewavelengthλ=1,064nm.Incontrasttoourpreviouswork,
theaxisoftheopticallatticewasnowpreciselyalignedwiththelongaxisoftheopticaltrap
conﬁningtheatoms. Thelaserbeamsintersectwithanangleofθ=166◦,theirfrequency
diﬀerenceissetto100.5kHzandthelatticedepthto0.4Erec.Thisconstrainsthelongitudinal
wave-vectorofthetwinatomstothevalueskz,a=0.75krecandkz,b=1.30krecinorderto
fulﬁltheconservationofquasi-momentumandenergyintheframeco-propagatingwiththe
lattice.Here,krec=2πsin(θ/2)/λistherecoilwave-vectoralongthelongitudinalaxisgained
uponabsorptionofaphotonfromalatticelaserandErec= 2k2rec/2mistheassociatedkinetic
energy,with thereducedPlanckconstantandm=6.64×10−27kgthemassofanHelium4
atom.Theobservedvelocitiesofthetwinatombeamscoincidewiththeexpectedvaluesabove,
usingtherelationv= k/m. Theopticallatticeisturnedonandoﬀadiabaticalysoasto
avoiddiﬀractionoftheatomsduringthisphaseoftheexperiment.
Transfertothe magneticalyinsensitiveinternalstate
Transfertothem =0stateaftertheopticaltraphasbeenswitchedoﬀismadenecessary
bythepresenceofstraymagneticﬁeldsinthevacuumchamberthatotherwisewouldlead
toaseveredeformationoftheatomicdistributionduringthelongfreefal. Thetransferis
achievedbyintroducingatwo-photoncouplingbetweenthem=1state,inwhichtheatoms
areinitialy,andthem=0stateusingtwolaserbeamsderivedfromasinglesourceemittingat
1,083nmanddetunedby600MHzfromthe23S1to23P0transition.Thefrequencydiﬀerence
ofthelaserbeamsischirpedacrossthetwo-photonresonancesoastorealiseanadiabaticfast
passagetransition(thefrequencychangeis300kHzin300µs). Wehavemeasuredthefraction
oftransferredatomstobe94%.Theremaining6%stayinthem=1stateandarepushed
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awayfromtheintegrationvolumesbythestraymagneticﬁeldgradients.
Atomic mirrorandbeam-splitter
Themirrorandbeam-splitterarebothimplementedusingBraggscatteringonasecondoptical
lattice.Thiseﬀectcanbeseenasamomentumexchangebetweentheatomsandthelaserbeams
formingthelattice,aphotonbeingcoherentlyabsorbedfromonebeamandemittedintothe
other.Inourexperiment,thelaserbeamsformingthelatticehaveawaistof1mmandare
detunedby600MHzfromthe23S1to23P0transition(theyarederivedfromthesamesourceas
thebeamsusedfortheRamantransfer).InordertofulﬁltheBraggresonanceconditionforthe
atombeams,thelaserbeamsaremadetointersectatanangleof32◦andthefrequencyofone
ofthebeamsisshiftedby53.4kHz.Inadditiontothisﬁxedfrequencydiﬀerence,afrequency
chirpisperformedtocompensatefortheaccelerationoftheatomsduringtheirfreefal.The
interactiontimebetweentheatomsandtheopticallatticewas100µsforthemirroroperation
(π-pulse)and50µsforthebeam-splitteroperation(π/2-pulse). Theresonanceconditionfor
themomentumstatetransferissatisﬁedbyalatomsinthetwinbeamsbutonlypairsof
stateswithaweldeﬁnedmomentumdiﬀerencearecoupledwitheachother. Wemeasuredthe
reﬂectivityofthemirrorandthetransmittanceofthebeam-splittertobe0.95(2)and0.49(2),
respectively.Spontaneousscatteringofphotonsbytheatomswasnegligible.
Detectioneﬃciency
Ourexperimentreliesontheabilitytodetecttheatomsindividualy.Thedetectioneﬃciency
isanessentialparameterforachievinggoodsignaltonoiseratios,althoughitdoesnotdirectly
inﬂuencethevisibilityoftheHOMdip. Ourmostrecentestimateofthedetectioneﬃciency
reliesonthemeasurementofthevarianceoftheatomnumberdiﬀerencebetweenthetwin
beams.ForthisweusethesameprocedureasdescribedinRef.[18],butwithanintegration
volumethatincludestheentirevelocitydistributionofeachbeam. Weﬁndanormalised
varianceof0.75(5),welbelowthePoissonianﬂoor.Sinceforperfectlycorrelatedtwinbeams
themeasuredvariancewouldbe1−η,weattributethelowerlimitof25(5)%toourdetection
eﬃciency.Thisvalueforηisafactorofabout2largerthanthelowerboundquotedinRef.[31].
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Thediﬀerenceisduetothechangeofmethodemployedfortransferringtheatomsfromthe
m=1tothem=0stateaftertheopticaltraphasbeenswitchedoﬀ. Wepreviouslyused
aradio-frequencytransferwithroughly50%eﬃciencywhereasthecurrentopticalRaman
transferhascloseto100%eﬃciency.
Distributionofthenumberofincidentatoms
Wehaveestimatedtheaveragenumberofincidentatomsineachinputchannelofthebeams-
splitter,naandnb,byanalysingthedistributionofdetectedatomsintheintegrationvolumes
VaandVb. WeﬁttedthesedistributionsbyassuminganempiricalPoissonianlawforthe
distributionofincidentatomsandtakingintoaccounttheindependentlycalibrateddetection
eﬃciency.ThevaluesofnaandnbgiveninthemaintextarethemeanvaluesofthePoissonian
distributionsthatbestﬁtthedata.Theprobabilitiesforhavingoneortwoatomsineachof
theinputchannelsofthebeamsplitterwasobtainedfromthesameanalysis.Theuncertainty
onthesenumbersmostlystemsfromtheuncertaintyonthedetectioneﬃciency.
TheHOMeﬀect
TheHOMeﬀectappearsinthecorrelator aˆ†vcˆa†vdˆavdˆavc ofEq.1.Thesimplestwaytocalculate
suchacorrelatoristotransformtheoperatorsandthestatevectorbackintheinputspace
beforethebeam-splitterandtousetheHeisenbergpicture.Thetransformationmatrixbetween
theoperatorsˆavc(t3),ˆavd(t3)andaˆva(t3),ˆavb(t3)canbeworkedoutfromﬁrstprinciples.For
theBraggbeam-splitter,andusingaRabitwo-stateformalism,weﬁnd:


aˆvc= 1√2ie
iφˆava+ˆavb ,
aˆvd= 1√2aˆva+ie
−iφˆavb ,
(4)
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whereφistherelativephasebetweenthelaserbeamsformingtheopticallattice.Intheideal
caseofaninputstatewithexactlyoneatomineachchannel,|1va,1vb,wethereforeobtain:
aˆvdˆavc|1va,1vb 2=14 ie
iφˆa2va+ie−iφˆa2vb+ˆavaaˆvb+i2aˆvbˆava |1va,1vb 2 (5)
=14 0+1+i
2 |0va,0vb 2 (6)
=0. (7)
meaningthattheprobabilityofjointdetectionisstrictlyzero.Thedetailedcalculationabove
makesclearthattheperfectdestructiveinterferencebetweenthetwo-particlestateamplitudes
associatedwiththetwodiagramsofFig.1cisattheheartoftheHOMeﬀect.Bycontrast,input
statescontainingmorethanoneatomperchannelaretransformedintoasumoforthogonal
statesandtheinterferencecanonlybepartial.Taking|2va,2vb,forinstance,yields:
aˆvdˆavc|2va,2vb 2=14 ie
iφˆa2va+ie−iφˆa2vb+ˆavaaˆvb+i2aˆvbˆava |2va,2vb 2 (8)
=12 ie
iφ|0va,2vb +ie−iφ|2va,0vb +
√21+i2 |1va,1vb 2 (9)
=12 e
iφ|0va,2vb +e−iφ|2va,0vb 2 (10)
=1. (11)
Finaly,wenotethatlossesinoneoftheincidentbeams,forinstancebeama,canbemod-
eledbyaﬁctitiousbeam-splitterwithatransmissioncoeﬃcientT.Intheabovecalculation,
theselosseswouldthereforeonlymanifestbyanadditionalfactor√Tinfrontofeveryoperator
aˆva,leavingunaﬀectedthedestructiveinterferencethatgivesrisetotheHOMeﬀect.
VisibilityoftheHOMdip
AslightlylessgeneralformofEq.3hasbeenderivedinRef.[24]assumingatwo-modesqueezed
stateasaninputstate.Thesamecalculationcanbeperformedforanarbitraryinputstate.
Leavingasidetheintegrationoverthevelocitydistribution,weﬁndthatthecross-correlation
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forindistinguishableparticlescanbeexpressedas:
G(2)cd indisc.=
1
4 G
(2)aa+G(2)bb+∆ , ∆=2η2Ree2iφaˆ†vaaˆ†vaaˆvbˆavb , (12)
whereasthatofdistinguishableparticlesreads
G(2)cd disc.=
1
4 G
(2)aa+G(2)bb+2G(2)ab . (13)
Here,thecorrelatorsappearingintheright-handsidearetakenattimet1,thatisimmediately
afterthetheatombeamshavebeenproduced. Theterm∆correspondstoaninterference
betweensingle-particlematterwaves.Itdependsonboththerelativephasebetweentheatom
beamsandtherelativephasebetweenthelaserbeamsusedforBraggdiﬀraction.Thelatter
iscountedoncefortheatomicmirrorandoncefortheatomicbeam-splitter. Twinbeams
withperfectcorrelationsintheirpopulationwouldhaveafulyrandomrelativephase.Inour
experimenthowever,thepopulationimbalancebetweentheatombeamscouldentailaresidual
phasecoherence.Instead,therelativephasebetweenthelaserbeamswasleftuncontroledand
itsvaluewasrandomlydistributedbetweentworepetitionsoftheexperiment. Asaresult,
theterm∆mustaveragetozeroandthevisibilityoftheHOMdipbegivenbyEq.3,as
observedintheexperiment.FolowingRef.[24],wealsonotethatEq.3entailstheultimate
boundforwavesinterferingonthebeam-splitter:becausewavesmustfulﬁltheCauchy–Schwarz
inequality,G(2)ab< G(2)aaG(2)bb,thevisibilityoftheclassicaldipcannotexceed0.5.
Theaboveresultsholdstrueforaﬁniteintegrationovertheatomicvelocitydistribution
iftwoconditionsaremet:(i)Itmustremainimpossibletodistinguishtheatomsentering
thebeam-splitterthroughchannelafromtheatomsenteringthroughchannelboncetheyhave
exitedthebeam-splitter;(i)Thetransformationmatrixofthebeam-splittermustkeepthesame
formafterintegration.Inourexperiment,thesecondconditionisnaturalysatisﬁedbecause
theBraggdiﬀractiononlycouplesatomicstateswithaweldeﬁnedmomentumdiﬀerenceand
wefulﬁltheﬁrstconditionbyreducingtheintegrationvolumeasmuchasitisnecessary.
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Supplementarymaterial
OptimizationoftheHong-Ou-Mandeldip
ThevisibilityoftheHong-Ou-MandeldipisplottedinFig.S1asafunctionofthelongitudinal
(a)andtransverse(b)integrationvolume.Thereddotsidentifytheintegrationvolumeused
inFig.3ofthemaintextandcorrespondtoacompromisebetweensignaltonoiseratioand
visibilityamplitude.Asweshrinktheintegrationvolumes,thedipvisibilityﬁrstincreasesand
thenreachesasaturationvalue,meaningthattheintegrationvolumebecomessmalerthan
theelementaryatomicmodes32–34. Reducingfurthertheintegrationvolumeonlyleadstoan
increaseofthestatisticaluncertainty.
ThevisibilityVisobtainedbyﬁttingthecross-correlationfunctionG(2)cd(τ)measuredinthe
experimentwiththeempiricalfunction:
f(τ)=G(2)bg 1−Vexp−(τ−τ0)2/2σ2 ,
wherethebackgroundcorrelationG(2)bg,thecenterofthedipτ0andthewidthofthedipσare
alleftasfreeparameters.
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FigureS1|Visibilityasafunctionoftheintegrationvolume.a,Visibilityasa
functionofthelongitudinalintegrationinterval∆vz.Thetransverseintegrationinterval
iskeptconstantat∆v⊥ =0.48cms−1.b,Visibilityasafunctionofthetransverse
integrationinterval∆v⊥.Thelongitudinalintegrationintervaliskeptconstantat∆vz=
0.28cms−1.Theredpointsmarkthevaluesdiscussedinthemaintext.
Stabilityoftheatomnumberintheoutputports
Themeandetectedatomnumberintheoutputportscanddisplottedasfunctionofτin
Fig.S2.Themeanatomnumberisconstantasfunctionofτwithinthestatisticaluncertainty.
Toeasilycomparetheatomnumberﬂuctuationstothevariationofthecross-correlationacross
theHOMdip,theproductoftheaveragedpopulationsnc·nd andthecross-correlationG(2)cd
aredisplayedtogetherasafunctionofτinFig.S2c.Incontrasttothecross-correlation,itis
impossibletoidentifyamarkedreductionofnc·nd aroundτ=550µs.Thisconﬁrmsour
interpretationofthedipasadestructivetwo-particleinterference.
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FigureS2|Stabilityoftheoutputpopulationoverpropagationduration.a,
AveragedatomnumberdetectedinVcasafunctionofthepropagationtimeτ.Themean
valueofncis0.20withastandarddeviationof0.01.b,Averagedatomnumberdetected
inVdasafunctionofthepropagationtimeτ. Themeanvalueofndis0.19witha
standarddeviationof0.01.c,Thecross-correlationbetweentheoutputportscandd
(solidbluecircles),correspondingtotheHOMdip,iscomparedtotheproductofthe
averagedensitypopulationsnc·nd (opengraycircles).Theproductoftheaveraged
populationisconstantwhilethecrosscorrelationexhibitsadiparoundτ=550µs.
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